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࡚ࠊճ風࡛巻ࡁୖࡆࡽࢀࡓ土壌ࡢࡼう࡞ 1～数 10μm 程度ࡢ⢒大粒子㸦⢒大粒子࣮ࣔ
ࢻ㸧ࡢ 3 ࡘࡢ分ᕸ࡟分ࡅࡽࢀࡿ[1]ࠋ大気微粒子ࡢ濃度ࡣ一般࡟ᕷ街地域࡛ 104 個/cm3
程度ࠊ非ᕷ街化域࡛ 103 個/cm3 程度࡛あࡿ࡜さࢀ࡚࠾ࡾࠊ仮࡟人ࡢ分時࿧吸量ࢆ 10 
L/min ࡜ࡍࡿ࡜ࠊ1 時間当ࡾ 600 億個ࡶࡢ微粒子ࢆ吸入ࡋ࡚生活ࡋ࡚いࡿࡇ࡜࡟࡞ࡿࠋ
Dockery et al. [2]ࡣࠊ米国 6 都ᕷࡢ浮㐟粒子状物質㸦SPM㸧ࡢ濃度࡜࿧吸器循環器系ࡢ
死亡率࡟ࡘい࡚ 8000 人ࡢᕷ民ࢆ 15 ᖺ間࡟わࡓࡾ追跡調査ࡋࠊPM2.5㸦空気力学的相当
ᚄ 2.5µm ௨ୗࡢ SPM㸧濃度࡜死亡率࡟ࡣṇࡢ相関ࡀあࡿࡇ࡜ࢆ示ࡋࡓࠋさࡽ࡟ࠊ労働
Fig. 1-1  Typical particle size fractionation, formation/transformation processes 


























































(1) A. Podgorski, et al. (2006) [7] 
Podgorski ࡽࡣࠊ࣏ࣜࣉࣟࣆࣞン(PP)ࢼࣀࣇ࢓࢖ࣂࢆ含ࡴ繊維層ࣇ࢕ࣝࢱࡢ捕集性能
ࢆ実験的及び理論的࡟評価ࡋ࡚いࡿࠋࡇࡇ࡛ࠊࢼࣀࣇ࢓࢖ࣂࣇ࢕ࣝࢱࡣࠊ࣓ࣝࢺࣈ࣮ࣟ
法࡟ࡼࡾ作製ࢆ行ࡗ࡚࠾ࡾࠊそࡢ物性値ࢆ Table 1-1 ࡟示ࡍࠋࡇࡢ試験用ࣇ࢕ࣝࢱࢆ用
い࡚ࠊ10 ~ 500 nm ࡢ粒子࡟ᑐࡍࡿࠊ部分捕集効率ࢆ Fig. 1-2 ࡟示ࡍࠋࢢࣛࣇࡼࡾࠊࢼ
ࣀࣇ࢓࢖ࣂࢆ積層さࡏࡿࡇ࡜࡛捕集性能ࡀ向ୖࡍࡿࡇ࡜ࡀわ࠿ࡿࠋࡲࡓ Quality factor 
(qexp )࡜粒子ᚄࡢ関係ࢆ Fig. 1-3 ࡟示ࡍࠋQuality factor ࡣࣇ࢕ࣝࢱࡢ性能ࢆ示ࡍ指標






Table 1-1  Physical properties of nanofiber filters and a base filter. 






Base filter (BF) 16 2.1 0.149 
Nanofiber 1 (NF1) 0.68 1.4 0.035 
Nanofiber 2 (NF2) 0.60 2.5 0.033 
Nanofiber 3 (NF3) 1.10 3.1 0.029 
Nanofiber 4 (NF4) 1.08 5.5 0.020 
Nanofiber 5 (NF5) 1.10 4.3 0.014 
 
qexp = − ln P
∆p
                                                       (1-1) 
 










Fig. 1-3  Quality factor of sample filters. [7] 
 
(2) B. Maze, et al. (2007) [8] 
Maze ࡽࡣࠊ繊維ᚄࡀ 200 nm ௨ୗࡢࢼࣀࣇ࢓࢖ࣂࣇ࢕ࣝࢱ࡟࠾ࡅࡿࣇ࢕ࣝࢱ捕集効
率࡟関ࡋ࡚ࠊ試験粒子ࡢࢼࣀࣇ࢓࢖ࣂ層内࡛ࡢ軌跡࡞࡝ࢆ考慮ࡍࡿࡇ࡜࡟ࡼࡾࠊ୕次
元的࡞ࢩ࣑࣮ࣗࣞࢩョンࢆ行ࡗ࡚いࡿࠋFig. 1-4 ࡟ࠊ静Ṇ空気中࡛ࡢ粒ᚄ 20, 30 nm




Fig. 1-4  Trajectory of 20 and 30 nm particles in the x-y plane within the first 




ࡇࡢࡼう࡟ࣛンࢲ࣒࡟動い࡚いࡿ粒子ࢆ Fig. 1-5 ࡟示ࡍࡼう࡟ࠊ規則ṇࡋく配列ࡋࡓ
ࢼࣀࣇ࢓࢖ࣂࣇ࢕ࣝࢱ࡬ᑟ入ࡍࡿࡇ࡜࡟ࡼࡾࠊそࡢࣇ࢕ࣝࢱ捕集効率ࡢ予測ࢆ行ࡗ࡚い
ࡿࠋࢩ࣑࣮ࣗࣞࢩョン結果ࢆ Fig. 1-6 ࡟示ࡍࠋࡇࡢࢢࣛࣇࡣࠊࢼࣀࣇ࢓࢖ࣂࣇ࢕ࣝࢱࡢ
ࣇ࢕ࣝࢱ厚ࡳࠊ࠾ࡼびᅽ力損失ࢆ一定࡜ࡋ࡚ࠊ繊維ᚄࢆ 50, 100, 200 nm ࡜変化さࡏࡓ
場合ࡢࣇ࢕ࣝࢱ捕集効率ࢆ粒ᚄ࡟ᑐࡋ࡚ࣉࣟࢵࢺࡋࡓࡶࡢ࡛あࡿࠋ繊維ᚄࡀᑠさい࡯࡝ࠊ
各粒ᚄ࡟ᑐࡋ࡚捕集効率ࡀୖ昇ࡋ࡚いࡿࡇ࡜ࡀわ࠿ࡿࠋࡲࡓࠊ最大透過粒子ᚄ(Most 
penetrating particle size ; MPPS)ࡣ繊維ᚄࢆ微細化ࡍࡿࡇ࡜࡟ࡼࡾᑠ粒ᚄ側࡬移動ࡋ
࡚いࡿࠋ 
 
Fig. 1-5 Simulation domain and boundary conditions. [8] 
 














1-2-2 ࢧࣈ 10 nm 粒子ࡢ発生࡜捕集࡟関ࡍࡿ既往研究 
(1) ࢼࣀ粒子࣭分子࢖オンࡢࣇ࢕ࣝࢱ繊維表面࡛ࡢỿ着特性ࡢ理論検討 
Wang & Kasper[9]ࡣࠊ繊維表面࡛跳ࡡ返ࡾࡀ起ࡇࡿ粒子ࢧ࢖ࢬࢆ理論的࡟検討ࡋࡓࠋ















                     (1-2) 
ࡇࡇ࡛ࠊk ࡣ࣎ࣝࢶ࣐ン定数ࠊT ࡣ温度ࠊρp ࡣ粒子ࡢ密度ࠊdp ࡣ粒ᚄࢆ表ࡍࠋ 
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 Wang & Kasper ࡀ計算ࡋࡓᖹ均熱㐠動㏿度࡜臨界㏿度 (B-H model 及び JKR model)ࡢ
結果ࢆ Fig. 1-7 ࡟示ࡍࠋ粒ᚄ 1 ~ 10 nm ࡢ範ᅖ࡛ࠊ粒子ࡀ臨界㏿度௨ୖࡢ熱㐠動㏿度ࢆ
持ࡘࡓࡵࠊࡇࡢ研究࡛ࡣ繊維表面࠿ࡽ跳ࡡ返ࡾࡀ起ࡇࡿ࡜報告ࡋ࡚いࡿࠋࡋ࠿ࡋࠊ臨界
㏿度ࡢ算出࡟࠾い࡚ࠊ粒子ࡲࡓࣇ࢕ࣝࢱ材質ࡢᅽ縮弾性係数や付着エࢿࣝࢠ࣮ࡀ必要࡛
あࡿࡀࠊそࢀࡽࡢ値ࢆṇ確࡟求ࡵࡿࡇ࡜ࡣ困㞴࡛あࡿࠋࡇࢀࡲ࡛࡟ 10 nm ௨ୗࡢࢼࣀ
粒子࣭分子࢖オンࡢࣇ࢕ࣝࢱ繊維表面࡛ࡢỿ着特性࡟関ࡍࡿ議論や実験的࡞検討ࡀ行わ
ࢀ࡚ࡁࡓࠋGuillaume Mouret ࡽ[10]ࡣࠊB-H model ࢆ使用ࡋ࡚付着エࢿࣝࢠ࣮ࡢ推定ࢆ行




Fig. 1-7  Comparison of mean thermal impact velocity and critical velocities derived from the 





子࡜ࡋ࡚ࠊAg 粒子や NaCl 粒子ࡀ用いࡽࢀࡿࠋHeim[11]ࡽࡣࠊ帯電࣭無帯電 NaCl 粒子
(粒ᚄ 2.5 nm ~ 20 nm)ࢆ用い࡚ SUS ࣇ࢕ࣝࢱ࡟ᑐࡍࡿ捕集効率ࢆ測定ࡋࡓ結果ࠊ跳ࡡ返








子࡛あࡿ酸化ࢱンࢢࢫࢸン WOx ࢆ試験粒子࡜ࡋ࡚用い࡚ࠊSUS ワ࢖ࣖࢫࢡ࣮ࣜン࡟ᑐ
ࡍࡿࣇ࢕ࣝࢱ捕集試験ࢆ行いࠊỿ着特性ࡢ検討ࢆ行ࡗࡓࠋWOx 粒子ࢆ用い࡚求ࡵࡓ捕





     
Fig. 1-8  Penetration of THAB ions and WOX with the electrical mobility distribution of the 














      
 Fig. 1-9  Single fiber collection efficiency through SUS wire screen. [14] 
 
(3) ࣐ࢫࢡ用ࣇ࢕ࣝࢱࡢࢼࣀ粒子࡟ᑐࡍࡿ性能評価 









Fig. 1-10  Penetration of mono-disperse silver and NaCl particles through N95 respiratores 
from five manufactures at 85L/min. [15] 
 
(3) 10 nm ௨ୗࡢࢼࣀ粒子ࡢ捕集࡟関ࡍࡿ課題ࠊ問題点等 













性能ࢆ評価ࡍࡿࡇ࡜ࡣ࡛ࡁ࡞いࠋࡇࡢࡼう࡞観点࠿ࡽࠊJannsen et al. [16]ࡣ N95 ࣐ࢫࢡ
12 
 
























Fig. 1-12  Schematic diagram of ABMS hardware system. [17] 
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η         (2-1) 
 
ここ࡛ࠊCinࡣࣇ࢕ࣝࢱ入口濃度ࠊCout ࡣࣇ࢕ࣝࢱ出口濃度ࠊα ࡣࣇ࢕ࣝࢱࡢ充填率ࠊL ࡣࣇ
࢕ࣝࢱࡢ厚ࡳࠊdfࡣ繊維ᚄ࡛あࡿࠋ 
 
2-2-2 ࣇ࢓ンࣔࢹࣝࣇ࢕ࣝࢱ(FMF)ࡢࢁ過特性理論 18,19) 
ࣇ࢓ンࣔࢹࣝࣇ࢕ࣝࢱ(FMF)࡜ࡣ Fig. 2-1 ࡟示ࡍࡼう࡟ࠊ繊維ᚄࡀ均一࡛ࠊࡍ࡭࡚ࡢ繊維
ࡀ流体ࡢ流ࢀ࡟対ࡋ࡚直角࡛ࠊࣛンࢲ࣒࡟࠿ࡘ均一࡟充填さࢀࡓࣇ࢕ࣝࢱࡢこ࡜࡛あࡾࠊ従










Fig. 2-1 Photograph of a fan model filter (Kirsch and Stechkina(1978)). 
 
本研究࡛ࡣࠊࢧࣈ࣑ࢡࣟンࡢ粒子ࡢ捕集ࢆ対象࡜ࡋ࡚いࡿࡓࡵࠊ支配的࡞捕集機構ࡣ拡散ࠊ





 =  +  +   (2-2) 
 = 2.7
        (2-3) 
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 21 +  ln1 +  − 1 +  +
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   (2-4) 
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# = −0.5lnα+ α− &'( −

(                     (2-8) 
 
ここ࡛ࠊη fࡣ FMF ࡢ単一繊維捕集効率࡛あࡾࠊࠊࡣࡑࢀࡒࢀ拡散ࠊさえࡂࡾ効果ࡢࡳ
࡟ࡼࡿ単一繊維捕集効率࡛ࠊ ࡣ拡散࡜さえࡂࡾࡀ同時࡟作用ࡍࡿࡓࡵ࡟生ࡌࡿ相乗効果
ࢆ表ࡋ࡚いࡿࠋࡲࡓࠊPe ࡣ Peclet 数ࠊR ࡣさえࡂࡾࣃ࣓࣮ࣛࢱࠊKf ࡣ桑原ࡢ水力学因子ࢆ
表ࡋ࡚いࡿࠋ 
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      (2-10) 
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# = −0.51+ 2 &34 − 0.52 + 0.642
&
34 + 5 21 −
&
34#+             (2-12) 
#+ = 6!                                                (2-13) 
ここ࡛ࠊαࡣࣇ࢕ࣝࢱࡢ充填率ࠊσࡣࣇ࢕ࣝࢱ繊維ᚄࡢ分散ࠊKfࡣࣇ࢕ࣝࢱ繊維ᚄࡢ分散ࢆ
考慮ࡋࡓ水力学因子ࠊKn ࡣ Knudsen 数ࠊλࡣ気体ࡢᖹ均自⏤行程ࠊdfࡣࣇ࢕ࣝࢱࡢ繊維系ࠊ
τࡣ繊維表面࡛ࡢࡍ࡭ࡾ係数࡛あࡾࠊFMF ࡛ࡣ τ=1.43 ࡛あࡿࠋ 
こࡢࡼう࡟ࡋ࡚ࠊ繊維ࡀ均一࡟充填ࡋࡓࣇ࢕ࣝࢱ࡟࠾けࡿ捕集効率ࡣ推定可能࡜࡞ࡿࠋ














本報࡛ࡣࠊ୙均一性因子 δ ࡣ FMF ࡢ圧力損失࡜実ࣇ࢕ࣝࢱࡢ圧力損失ࡢ比࡜ࡋ࡚次式࡛表
ࡋࡓࠋ࡞࠾ࠊEq.(2-14)ࡣ近似式࡛あࡾࠊこࡢ近似ࡢ妥当性࡟ࡘい࡚ࡣ Appendix A ࡟記述ࡋ
ࡓࠋ 
 
7 = ∆9∆9:                                                         (2-14) 
 
 
df =300 nm 
df =100 nm 
u =0.05 m/s 
α= 0.1 
Particle diameter, dp [nm] 
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ここ࡛ࠊ∆Pfࡣ FMF ࡢ圧力損失ࠊ∆Pr ࡣ実ࣇ࢕ࣝࢱࡢ圧力損失࡛あࡿࠋࡲࡓࠊࡍ࡭ࡾࢆ考慮
ࡋࡓ FMF ࡢ圧力損失ΔPfࡣ Kirsch and Fuchs(1968)17)࡟ࡼࡾ次式࡛表さࢀࡿࠋ 
 
∆
 = ;<=1                                                    (2-15) 
 
; = (>,                                                         (2-16) 
 












本実験࡛ࡣࠊ積層さࡏࡿࢼノࣇ࢓࢖ࣂ࡜ࡋ࡚極細࢞ࣛࢫ繊維 Code100(Johns Manville 社)ࢆ
用いࡓࠋࡲࡓࠊ基材࡜࡞ࡿ࣑ࢡࣟンࣇ࢓࢖ࣂ࡜ࡋ࡚ࠊ除電ࡋࡓ࣏ࣜࣉࣟࣆࣞン(PP)ࣇ࢕ࣝࢱ







                                                  (2-17) 
d f = d fg50 exp(0.5ln2 σ g )                                      (2-18) 
ここ࡛ࠊｄfg ࡣ幾何ᖹ均ᚄ࡛あࡿࠋ幾何ᖹ均ᚄࡣ SEM ࡛ࣇ࢕ࣝࢱ繊維ࡢ写真ࢆ撮影ࡋࠊ写




Code100ࠊ࠾ࡼび PP ࣇ࢕ࣝࢱࡢ繊維ᚄ分布ࢆ Fig. 2-4 ࡟示ࡍࠋこࡢࢢࣛࣇࡼࡾࠊCode100
ࡢᖹ均繊維ᚄࡣ 0.35 µmࠊࡑࡢ繊維ᚄࡢ分散ࡣ幾何標準偏差࡛ 1.63 ࡛あࡾࠊࡲࡓࠊ基材ࡢ
ᖹ均繊維ᚄࡣ 3.06µmࠊ幾何標準偏差ࡣ 1.29 ࡛あࡿࠋ 
 
      
Fig. 2-3  SEM images of (a) Code100 and (b) Polypropylene filter. 
 
 


























 液ࢁ過法࡟ࡼࡿࢼノࣇ࢓࢖ࣂࣇ࢕ࣝࢱࡢ作製方法ࢆ Fig. 2-5 ࡟示ࡍࠋこࡢ方法࡛ࡣࠊ
Code100 ࢆ濃度 7.5 g/L ࡛水࡟懸濁さࡏࡓ液ࢆࠊ真空࣏ンࣉ࡛྾引ࢁ過ࡋࠊ基材ࡢ表面࡟ࢼ
ノࣇ࢓࢖ࣂ層ࢆ形成さࡏࡿࠋこࡢ際ࠊ真空࣏ンࣉࡢ྾引ࢁ過圧力ࡣ 10 cmHgࠊࢁ過有効面積
ࡣ直ᚄ 47 mm ࡢ෇࡜ࡋࡓࠋこࡢࡼう࡟ࡋ࡚ࠊPP ࣇ࢕ࣝࢱࡢ表面࡟ࢼノࣇ࢓࢖ࣂࢆ一定量積
層さࡏࡓࣇ࢕ࣝࢱࢆ作製後ࠊ75℃ࡢ恒温槽࡛ 6 時間乾燥さࡏࠊ試験用ࣇ࢕ࣝࢱ࡜ࡋࡓࠋここ
࡛ࠊ積層さࡏࡿࢼノࣇ࢓࢖ࣂ量 (W [g/m2])ࡀࠊࡑࢀࡒࢀ W=1.45ࠊ7.15ࠊ12.4ࠊ28.3 g/m2 ࡢ 4
種類ࡢ試験用ࣇ࢕ࣝࢱ(以後ࠊSample AࠊBࠊCࠊD ࡜ࡍࡿ)ࡢ作製ࢆ行ࡗࡓࠋこࢀࡽ試験ࣇ࢕











Fig. 2-6  SEM images of four filters. 
 




ࡢ物性値ࢆ Table 2-1 ࡟ࡲ࡜ࡵࡓࠋここ࡛ࠊࣇ࢕ࣝࢱࡢ厚ࡳ L ࡣࠊ࣐࢖ࢡ࣓࣮ࣟࢱ(PEACOCK, 
Model G-6C)࡟ࡼࡾ 20 回計測ࡋࠊࡑࡢᖹ均値ࢆ用いࡓࠋࡲࡓࠊ充填率αࡣࠊ次式࡟ࡼࡾ算出
ࡋࡓࠋ 
? = @A!BC                                                      (2-19) 
wf ࡣࠊ電子ኳ秤(ࢨࣝࢺࣜ࢘ࢫ࣭ࢪࣕࣃン株式会社製)࡟ࡼࡾ測定ࡋࡓ Code100 ࡢ重さࠊL ࡣ
Code100 層ࡢ厚ࡳࠊds ࡣ製作ࡋࡓࣇ࢕ࣝࢱࡢ面積ࠊρࡣࣇ࢕ࣝࢱ繊維材質(࢞ࣛࢫ)ࡢ密度࡛ࠊ
ρCode100= 2,400 kg/m3 ࡛あࡿࠋ 
抄⣬量ࡢ多い Sample C ࡜ Sample D ࡛ࡣࠊ積層ࣇ࢕ࣝࢱࡢ繊維ᚄࠊ幾何標準偏差࡜ࡶ࡟ࠊ
Code100 ࡜࡯ࡰ一致ࡋ࡚いࡿこ࡜ࡀわ࠿ࡿࠋ一方࡛抄⣬量ࡢ少࡞い Sample A ࡜ Sample B ࡛
ࡣࠊCode100 ࡢ分布࡟比࡭࡚幾何標準偏差ࡢ値ࡀᑠさࡃࠊ繊維ᚄࡀ若ᖸ⢒大側࡟ࢩࣇࢺࡋ࡚
いࡓࠋこࢀࡣ液ࢁ過࡟࠾い࡚ࠊ細い繊維ࡀ透過ࡋ࡚ࡋࡲࡗ࡚いࡿࡓࡵ࡛あࡿ࡜考えࡽࢀࡿࠋ













Fig. 2-7  Fiber size distributions of the four filters by liquid filtration.  
 
Table 2-1  Properties of test filters and Code100. 













Base filter 3.06 - 1.29 294.6 0.113 
Code100 0.35 - 1.63 - - 
Sample A 0.47 1.45 1.31 13.8 0.042 
Sample B 0.44 7.15 1.25 39.7 0.072 
Sample C 0.38 12.36 1.71 50.2 0.089 
Sample D 0.29 28.32 1.72 125.8 0.090 
 
 























 重力ỿ降法࡟ࡼࡿࢼノࣇ࢓࢖ࣂࣇ࢕ࣝࢱࡢ作製方法ࢆ Fig. 2-8 ࡟示ࡍࠋこࡢ方法࡛ࡣࠊ基
材ࢆ入ࢀࡓࢩ࣮ࣕࣞୖ࡟ Code100 ࢆ水࡟懸濁さࡏࡓ液ࢆ浸ࡋࠊ75℃ࡢ恒温槽࡛ 12 時間乾燥
さࡏࡿこ࡜࡟ࡼࡾࠊ試験用ࣇ࢕ࣝࢱࡢ作製ࢆ行ࡗࡓࠋここ࡛ࠊ積層さࡏࡿࢼノࣇ࢓࢖ࣂࡢ目
付(W [g/m2])ࡀࠊࡑࢀࡒࢀ W=1.63ࠊ6.60ࠊ11.80ࠊ28.62 g/m2 ࡢ 4 種類ࡢ試験用ࣇ࢕ࣝࢱ(以後ࠊ
Sample EࠊFࠊGࠊH ࡜ࡍࡿ)ࡢ作製ࢆ行ࡗࡓࠋこࢀࡽ試験ࣇ࢕ࣝࢱࡢ SEM 像ࢆ Fig. 2-9 ࡟示
ࡍࠋ液ࢁ過ࡢ時࡜同様࡟ࠊ堆積量ࡢ最ࡶ少࡞いࣇ࢕ࣝࢱ࡛ࡣࠊCode100 ࡢ細い繊維ࡀ࡯࡜ࢇ
࡝付い࡚い࡞いࡀࠊCode100 ࡢ目付ࡢ増加࡜࡜ࡶ࡟ Code100 ࡢ繊維ࡋ࠿表面࡟見ࡽࢀ࡞ࡃ














Fig. 2-9  SEM images of four filters. 
 
 




























Fiber diameter, df [nm] 
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Table 2-2  Properties of test filters and Code100. 
 Fiber diameter, 
Df [µm] 
Mass of 










Base filter 3.06 - 1.29 294.6 0.113 
Code100 0.35 - 1.63 - - 
Sample E 0.48 1.63 1.67 14.5 0.060 
Sample F 0.44 6.60 1.65 40.3 0.070 
Sample G 0.33 11.80 1.71 89.9 0.074 






























圧力損失測定経路ࢆ Fig. 2-12 ࡟示ࡍࠋここ࡛ࠊࣇ࢕ࣝࢱୗ流部ࡢ࣏ンࣉࡢ流量ࢆ調整ࡍࡿ
こ࡜࡟ࡼࡾࠊࢁ過㏿度ࢆ 0.05 ~ 0.15 m/s ࡜変化さࡏ࡚実験ࢆ行いࠊࣇ࢕ࣝࢱࡢ圧力損失ࢆ








液ࢁ過法࡟ࡼࡾ作製ࡋࡓ試験用ࣇ࢕ࣝࢱࡢ圧力損失測定結果ࢆ Fig. 2-13 ࡟示ࡍࠋこࡢᅗ
ࡣࠊࢼノࣇ࢓࢖ࣂ積層ࣇ࢕ࣝࢱࡢ圧力損失ࢆ抄⣬量࡟対ࡋ࡚ࣉࣟッࢺࡋࡓࡶࡢ࡛あࡿࠋこ
ࢀࡼࡾࠊ各ࢁ過㏿度࡟࠾い࡚抄⣬量ࡢ増加࡜࡜ࡶ࡟圧力損失ࡀ高ࡃ࡞ࡗ࡚いࡿこ࡜ࡀ分࠿































































ࡓ結果ࢆ Fig. 2-15 ࡟示ࡍࠋᅗ中ࡢ実線ࡣࠊEq. (2-14)ࢆ用い࡚୙均一性因子 δ ࡟ࡼࡾ補正ࢆ




































































































































本実験࡛使用ࡋࡓ実験装置ᅗࢆ Fig. 2-18 ࡟示ࡍࠋ粒ᚄࡀ 10 ~ 200 nm ࡢ範ᅖࡢ試験粒子࡜
ࡋ࡚ࠊセ࣑ࣛッࢡࢫ電気管状炉(࢔ࢧࣄ理化製作所 ARF-30K)ࢆ用い࡚蒸発凝縮法࡟ࡼࡗ࡚
発生さࡏࡓ NaCl 粒子ࢆ 241Am 放射線源࡟ࡼࡾᖹ衡帯電状態࡟荷電ࡋࠊ静電分⣭器࡛あࡿ
DMA(Differential mobility analyzer, TSI inc.)ࢆ用い࡚単分散粒子࡟分⣭ࡋࡓࠋࡑࡋ࡚ࠊ再度
241Am 放射線源ࢆ用いࡿこ࡜࡟ࡼࡾ得ࡽࢀࡓ単分散࣭無帯電ࡢ試験粒子ࢆ清浄乾燥空気࡜混
ྜ希釈ࡋࡓ後࡟ࣇ࢕ࣝࢱホࣝࢲ࡬ᑟ入ࡋࡓࠋこࡢ場ྜࠊ粒子計測࡟ࡣ凝縮核計数器࡛あࡿ
CPC(Condensation Particle Counter, TSI inc.)ࢆ用いࡓࠋࡲࡓࠊ粒ᚄࡀ 200 ~ 500 nm ࡢ範ᅖࡢ試
験粒子࡜ࡋ࡚ࠊコࣜࢯン࢔ࢺ࣐࢖ࢨ࡟ࡼࡗ࡚発生ࡋࡓ多分散ࡢ NaCl 粒子ࢆ 241Am 放射線源
࡟ࡼࡾ中和ࡋࠊ清浄乾燥空気࡜混ྜ希釈ࡋࡓ後࡟ࣇ࢕ࣝࢱホࣝࢲ࡬ᑟ入ࡋࡓࠋこࡢ場ྜࠊ粒
子ࡢ計測࡟ࡣࠊග学式ࣃ࣮ࢸ࢕ࢡࣝ࢝࢘ンࢱ࣮࡛あࡿ OPC(Optical Particle Counter㸪RION KC-
03B)ࢆ用いࡓࠋ捕集部ࡢࢁ過㏿度ࡢ調整ࡣ࣐ࢫࣇ࣮ࣟコンࢺ࣮࣮ࣟࣛ(SEC-510 STEC Inc.)ࢆ







࡟測定ࡋࠊ各粒ᚄ࡟対ࡍࡿ透過率 Pave ࢆ Eq. (2-20)ࢆ用い࡚求ࡵࡓࠋ 
 
Pa v e ( d p ) =
1 −
2 C f i l te r , n












               (2-20) 
 





Fig. 2-18  Schematic diagram of experimental setup for determining particle collection efficiency. 
 
 
Table 2-3  Penetration measuring method 
 1 2 3 4 5 6 7 8 9 
Cblank Cblank,1  Cblank,2  Cblank,3  Cblank,4  Cblank,5 








 液ࢁ過及び重力ỿ降法࡟ࡼࡾ作製ࡋࡓ試験用ࣇ࢕ࣝࢱࡢ透過率 (ࢁ過㏿度：u = 0.05, 0.10, 
0.15 m/s)ࢆ粒ᚄ࡟対ࡋ࡚ࣉࣟッࢺࡋࡓ結果ࢆ Figs. 2-19 ~ 2-21 及び Figs. 2-22 ~ 2-24 ࡟示ࡍࠋ 
ࡲࡎࠊ液ࢁ過࡛作製ࡋࡓ試験用ࣇ࢕ࣝࢱ(u=0.05 m/s)࡟ࡘい࡚ㄝ明ࡍࡿࠋᅗ中ࡢⓑ抜ࡁࡢ
ࣉࣟッࢺࡣ各試験用ࣇ࢕ࣝࢱࡢ実験値࡛あࡾࠊ抄⣬量ࡢ増加࡜࡜ࡶ࡟透過率ࡣ減少ࡋࡓࠋ最
大透過粒ᚄࡣ抄⣬量ࡢపいࢧンࣉࣝ A ࡣ 200 nm 程度ࠊ最ࡶ抄⣬量ࡢ高いࢧンࣉࣝ D ࡛ࡣࠊ
100 nm 程度࡜若ᖸᑠさࡃ࡞ࡗ࡚࠾ࡾࠊFig.2-2 ࡛示ࡋࡓ傾向࡜一致ࡋࡓࠋ࡞࠾ᅗ中ࡢ実線ࡣࠊ
Eqs. (2-9) ~ (2-13)࡟ࡼࡾ得ࡽࢀࡿ FMF ࡢ単一繊維捕集効率 ηfࢆ୙均一性因子 δ࡛除ࡍࡿこ
࡜࡟ࡼࡾ Eq. (2-21)ࡢࡼう࡟補正ࢆ行いࠊこࡢ補正後ࡢ単一繊維捕集効率 ηrࢆ Eq. (2-22)࡟示
ࡍ対数透過則࡟代入ࡋ࡚算出ࡋࡓ理論線࡛あࡿࠋ 
 
D =  7                                                         (2-21) 

 = EF G− (&A>&! 
DH                                             (2-22) 
 
こࡢ理論線࡜実験値ࢆ比࡭ࡿ࡜ࠊ実験値࡜理論値ࡀ࡯ࡰ一致ࡋ࡚いࡿこ࡜࠿ࡽࠊ୙均一性











Fig. 2-19  Penetration of NaCl particles through sample A,B,C,D.(u=0.05 m/s) 
 



























































Particle dia eter, dp [μ ]




Fig. 2-21  Penetration of NaCl particles through sample A,B,C,D.(u=0.15 m/s) 
 
 









































































Fig. 2-23  Penetration of NaCl particles through sample E,F,G,H.(u=0.10 m/s) 
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ᚄ࡜繊維充填量(目付)ࡣࠊ本研究࡟ࡼࡾ作製ࡋࡓ Sample A ࡜࡯ࡰ同様࡛あࡿࡀࠊPAN ࣇ࢕












Sample A 1.45 0.47 0.042 
PAN 1.48 0.36 0.42 
 




ࢺ࡛示ࡋࡓ実験値ࢆ比࡭࡚ࡳࡿ࡜ࠊPAN ࣇ࢕ࣝࢱࡢ方ࡀ Sample A ࡼࡾࡶ捕集効率ࡀపࡃ࡞
ࡗ࡚いࡿࠋこࢀࡣ PAN ࣇ࢕ࣝࢱࡢ圧力損失ࡢ測定結果ࡼࡾ求ࡵࡓ୙均一性因子 δ ࡀ 66 ࡜ࠊ
Sample A ࡢ約 9 倍程度大ࡁ࡞値࡛あࡿこ࡜࡟ࡼࡿࡶࡢ࡛あࡾࠊこࡢ傾向ࡣ δ ࡛補正ࡋࡓ推
定線㸦実線㸧࠿ࡽࡶわ࠿ࡿࠋࡲࡓࠊPAN ࢼノࣇ࢓࢖ࣂࣇ࢕ࣝࢱ࡜ Sample A ࡢ圧力損失࡟ࡘ
















 液ࢁ過法࠾ࡼび重力ỿ降法࡟ࡼࡾ作製ࡋࡓ試験用ࣇ࢕ࣝࢱࡢ単一繊維捕集効率ࢆ Fig. 2-




࡜いうこ࡜࠿ࡽࠊ液ࢁ過࠾ࡼび重力ỿ降࡟ࡼࡾ堆積ࡋࡓࣇ࢕ࣝࢱ繊維ࡣ Fig. 2-28 ࡟示ࡍࡼ
う࡟ࠊ繊維堆積層ࡢ構造ࢆ保ࡕ࡞ࡀࡽࠊ3 次元的࡟厚ࡳ方向࡟積層さࢀ࡚いࡿこ࡜ࡀ予想さ
ࢀࡿࠋこࡢこ࡜࠿ࡽࠊ液ࢁ過法࡟ࡘい࡚ࡣ୙均一性因子ࡀ約 7 ~ 10ࠊ重力ỿ降法࡟ࡘい࡚ࡣ





























































Fig. 2-27  Single fiber collection efficiency of sample E,F,G,H. 
 
 

























































性因子ࡀ約 7 ~ 10ࠊ重力ỿ降法࡟࠾い࡚ࡣ約 2 ~ 5 ࡛あࡗࡓࠋ 
 











5.  抄⣬量ࢆ同ࡌ࡜ࡋࡓ液ࢁ過法࡟ࡼࡾ作製ࡋࡓ試験用ࣇ࢕ࣝࢱ࡜ PAN ࣇ࢕ࣝࢱࡢ࢚࢔ࣟ
ࢰࣝ捕集性能ࡢ比較ࢆ行ࡗࡓ࡜こࢁࠊ液ࢁ過࡟ࡼࡾ作製ࡋࡓࣇ࢕ࣝࢱࡢ圧力損失ࡢ方
ࡀపࡃࠊ単一繊維捕集効率ࡀ高いこ࡜ࡀわ࠿ࡗࡓࠋPAN ࣇ࢕ࣝࢱࡢࡼう࡟二次元構造
















Kirsch ࡽ 8)ࡢ୙均一性因子ࡢ差࡟関ࡍࡿ検証実験࡟ࡘい࡚ 
 
Kirsch ࡽ 8)ࡣ圧力損失ࡢ測定࡟࠾い࡚ࠊ繊維充填ࡢ୙均一性ࢆ示ࡍ指標࡜ࡋ࡚ࠊ式(A-1)ࡢ
ࡼう࡟ࣇ࢓ンࣔࢹࣝࣇ࢕ࣝࢱࡢ無次元抗力 Ff ࡜ Kn=0 ࡟࠾けࡿ実ࣇ࢕ࣝࢱࡢ無次元抗力 F0
ࡢ比࡜ࡋ࡚定義ࡋࡓࠋ 
 




Ff ＝4π[㸫0.5lnα㸫0.52+0.64α]㸫1                  (A-2) 
 
Kirsch ࡽ㸦1971㸧20)ࡣࠊFMF ࡟対ࡋ࡚ࠊ Kn＝0 ࡟࠾けࡿ無次元効力 F0 ࡜あࡿ圧力࡟࠾けࡿ
F ࡢ関係ࡣ式(A-3)࡛୚えࡽࢀࡿこ࡜ࢆ示ࡋࡓࠋ 
 




F㸫1＝F0㸫１㸩1.43 (1-α)δ1/2Kn/4π          (A-4) 
 
式(A-1)࡟ࡼࡾ୙均一因子δࢆ求ࡵࡿ࡟当ࡓࡾࠊKirsch ࡽࡣ絶対圧力 P ࢆ 760 torr ࠿ࡽ 7 torr
ࡲ࡛変化さࡏ࡚実ࣇ࢕ࣝࢱࡢ圧力損失ࢆ測定ࡍࡿこ࡜࡛ F㸫1 ࡜ P㸫1 ࡢ関係ࢆ求ࡵࠊ得ࡽࢀ




けࡿ Ff ࢆ求ࡵࠊࡑࢀ࡜大気圧࡟࠾けࡿ実ࣇ࢕ࣝࢱࡢ圧力損失࠿ࡽ求ࡵࡓ Fr ࡢ比ࢆ取ࡗࡓ δ
ࢆ比較ࡋࡓࠋ結果ࢆ Table A-1 ࡟示ࡍࠋこࢀࡼࡾࠊKirsch ࡽࡢ୙均一性因子ࡣ 6.53ࠊ常圧࡛
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実験的࡟求ࡵࡓ୙均一性因子ࡣ 7.63 ࡜近い値࡜࡞ࡿこ࡜ࢆ確認ࡋࡓࠋ 
 




force of FMF  
Dimensionless 
force at Kn=0 
Degree of  
Non-uniformity by 
Kirsch et al. 
Inhomogeneity 
factor, Ff/Fr 
Ff [-] F0 [-] δ ＝ Ff/Fr [-] δ [-] 
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サࣈ 10 nm 領域ࡢ粒子ࡢ発生法ࡣࠊ蒸発凝縮法ࠊ࢔࣮ࢡ放電࡞࡝ࡀ考案さࢀ࡚いࡿࡀࠊ高
濃度ࡢ粒子ࢆ発生ྍ能࡞ࠊエࣞࢡࢺࣟࢫࣉ࣮ࣞ࡜静電ศ級器(DMA)ࡢ組ࡳྜわࡏ࡟ࡼࡿ手
法ࡀ報告さࢀ࡚いࡿࠋLee5)ࡣࠊエࣞࢡࢺࣟࢫࣉ࣮ࣞ法࡟ࡼࡾ単一ศ子࡛ 2 nm 程度ࡢ大ࡁさ
ࢆ持ࡘ࣐ࢡࣟศ子࢖࢜ンࢆ発生さࡏࠊ固体表面ࡢỿ着特性や跳ࡡ返ࡾࢆ検討ࡋࡓࠋࡑࡢ結果ࠊ
粒径 0.9 ~ 2.6 nm ࡢ࣐ࢡࣟศ子࢖࢜ン࡛ࠊ固体表面࠿ࡽ跳ࡡ返ࡾࡀ起ࡁࡿ࡜報告ࡋ࡚いࡿࠋ





















3-2-1 拡散࡟ࡼࡿ粒子ࡢ捕集  
エ࢔ࣟࢰࣝ粒子ࡀࣇ࢕ࣝࢱ࡟捕集ࡍࡿ機構࡜ࡋ࡚ࠊ基本的࡟ࡣࠊさえࡂࡾࠊ慣性衝突ࠊ拡
散ࠊ㔜力ỿ降ࠊ静電引力ࡢ 5 ࡘࡢ機構ࡀあࡿࠋエ࢔ࣇ࢕ࣝࢱ࡟ࡼࡿࢼࣀ粒子ࡢ捕集(粒径 100 
nm 以ୗ)࡛ࡣࠊ拡散࡟ࡼࡿ粒子捕集ࡀ支配的࡞機構࡜࡞ࡿࠋࡑࡢࡓࡵࠊFig. 3-1 ࡟示ࡍࡼう
࡟ࠊBrown 運動࡟ࡼࡗ࡚繊維࡟衝突ࡋ࡚粒子ࡣ捕集さࢀࡿࠋ 
  






本研究࡛用いࡿ࣐ࢡࣟศ子࢖࢜ンࡢ粒径ࡣ 10 nm 以ୗ࡛あࡾࠊ拡散捕集ࡀ支配的࡞捕集
機構࡜࡞ࡿࠋ拡散࡟ࡼࡿ粒子ࡢ単一繊維捕集効率ࡣࠊ粒径及び濾過㏿度ࡀᑠさࡃ࡞ࡿ࡟ࡘࢀ





                               (3-1)  
 
ここ࡛ࠊD ࡣ粒子ࡢ拡散係数ࠊu ࡣࢁ過㏿度࡛あࡿࠋ拡散係数 D ࡣ次ࡢ関係式࡛表さࢀ
ࡿࠋ 






                         (3-2) 
 
ここ࡛ࠊCcࡣࡍ࡭ࡾ補正係数ࠊk ࡣ࣎ࣝࢶ࣐ン定数ࠊT ࡣ絶対温度ࠊµࡣ流体⢓度ࠊdp ࡣ粒
径ࠊZp ࡣ電気移動度ࠊe ࡣ電気素㔞ࢆ示ࡋ࡚いࡿࠋPe 数ࡣ対流㔞࡜拡散㔞ࡢ比࡛ࠊこࡢ無
次元数ࡀᑠさい࡯࡝拡散ࡀ有効࡞捕集機構࡜ࡋ࡚作用ࡍࡿࠋ本研究࡛ࡣ Chang ࡽ 7㸧ࡢ報告
࡟基࡙ࡁࠊEq. (3-3)࡛表さࢀࡿ単一繊維捕集効率ࡢ半実験式ࢆ用いࡓࠋࡑࡢ結果ࢆ Fig. 3-2
࡟示ࡍࠋ  










     





















= − ⋅ 
− 
                   (3-4) 
s c aη η η= ⋅                            (3-5) 
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ここ࡛ࠊh ࡣࢫࢡ࣮ࣜン 1 枚ࡢ厚さࠊnscreenࡣࢫࢡ࣮ࣜン枚数ࠊηS ࡣ単一繊維捕集効率ࠊηcࡣ
衝突効率ࢆ示ࡍࠋ一般࡟ࠊ粒径ࡀ数 nm ࠿ࡽ数 µm ࡢ粒子ࡣࣇ࢓ンࢹࣝワ࣮ࣝࢫ力ࡀ強ࡃࠊ
付着効率 ηa = 1 ࡜ࡳ࡞ࡍこ࡜ࡀ࡛ࡁࡿࡓࡵ࡟ࠊ単一繊維捕集効率ࡣ衝突効率࡜等ࡋࡃ࡞ࡿࠋ




3-3  帯電状態ࢆ制御ࡋࡓ PEG ศ子࢖࢜ンࡢ発生 
3-3-1 実験装置 
 粒径ࡀ 10 nm 以ୗࡢ粒子ࡢ固体表面࡬ࡢỿ着特性ࢆ評価ࡍࡿࡓࡵ࡟ࡣࠊ試験粒子ࡢ発生
࡜計測࡟ࡘい࡚得ࡽࢀࡿࢹ࣮ࢱࡢ信頼性ࡢ検証ࡀ必要࡛あࡿࠋ特࡟ࠊ発生粒子ࡢ特性࡟関ࡋ
࡚ࠊ単ศ散性ࠊ荷電数ࠊ粒子濃度ࡣ本研究ࡢ目的ࢆ㐩成ࡍࡿうえ࡛㔜要࡛あࡿࠋさࡽ࡟ CPC
ࡢ計測ୗ限㸦TSI-3776 ࡢ 50％計数効率ࡢ粒径ࡣ 2.5 nm㸧や AE ࡢ特性㸦荷電粒子࡟ࡢࡳ応


















































ࢼࣀ粒子ࡢ粒度ศ布測定࡟ࡣ微ศ型静電ศ級器(DMA ; Differential Mobility Analyzer)ࡀ用
いࡽࢀࡿࠋDMA ࡣࠊ帯電粒子ࡢ粒径࠾ࡼび帯電㔞࡟ࡼࡗ࡚決定さࢀࡿ粒子ࡢ電気移動度ࡢ
㐪いࢆ利用ࡋࡓ粒子ࡢศ級装置࡛あࡿࠋDMA ࢆ用い࡚ศ級ྍ能࡞粒径範ᅖࡣ࠾ࡼࡑ 1 nm ~ 
1 µm ࡛あࡿࠋࡲࡓࠊDMA ࡣ検出装置࡜組ࡳྜわࡏࡿこ࡜࡟ࡼࡗ࡚粒度ศ布測定装置࡜ࡋ࡚
用いࡽࢀ࡚いࡿࠋ本研究࡛ࡣࠊ有効ศ級長さ L = 85.5 mmࠊෆ筒ࡢ外半径 R1 = 27.5 mmࠊ外
筒ࡢෆ半径 R2 = 32.5 mm ࡢ Wien 型-DMA11)ࢆ使用ࡋࡓࠋࢩ࣮ࢫ流㔞及び印加電ᅽ࡟ࡼࡗ࡚
得ࡽࢀࡿ単ศ散粒子ࡢ粒径ࡣ異࡞ࡿࡀࠊ比較的࡟ᑠさい粒径ࡢ粒子ࢆศ級ࡍࡿ際࡟用いࡽ
ࢀࡿࠋエࣞࢡࢺࣟࢫࣉ࣮ࣞ࡜ Wien-型 DMA ࢆ用い࡚ࠊ凝縮核計数器(CPC)࡜エ࢔ࣟࢰࣝ電











本実験࡛用いࡓ試験試料࡛あࡿ PEG ࡢศ子構造ࢆ Fig. 3-5 ࡟示ࡍࠋ 
 
            
Fig. 3-5  Structure of Polyethylene glycol ion. 
 
PEG ࡣศ子㔞ࢆ制御ࡋࡓ単ศ散性ࡢ高い試薬ࢆ入手ࡍࡿこ࡜ࡀྍ能࡛あࡿࠋ本実験࡛ࡣ
ศ子㔞ࡀ 2,000ࠊ4,600ࠊ10,000ࠊ21,300ࠊ75,200 g/mol ࡢ試薬ࢆ入手ࡋࡓࠋ理論的࡟ࡣࠊࡑࡢ
粒径ࡣ 2.2 ~ 6.2 nm ࡟相当ࡍࡿࠋPEG 試料溶液ࡢ溶媒࡜ࡋ࡚次ࡢࡼう࡟溶液ࢆ調整ࡋࡓࠋ࣓
ࢱࣀ࣮ࣝ((株)関東化学)࡜蒸留水ࢆ体積比 1:1 ࡛混ྜさࡏࠊᑟ電性ࢆ与えࡿࡓࡵ࡟電解質࡜
ࡋ࡚酢酸࢔ンࣔࢽウ࣒((株)関東化学)ࢆ添加ࡋ 10 mM ࡜࡞ࡿࡼう࡟調製ࡋࡓࠋこࡢ溶媒ࢆ予
備実験ࡢ結果࠿ࡽࠊ各ศ子㔞(2,000ࠊ4,600ࠊ10,000ࠊ21,300ࠊ75,200 g/mol)࡟対ࡋ࡚ࠊ試料濃




本研究࡛ࡣ Fig. 3-3 ࡟示ࡍ実験経路ࢆ用い࡚ࠊ電気移動度ศ布ࡢ測定ࢆ行ࡗࡓࠋPEG 試料
溶液ࢆࢩࣜンࢪ࣏ンࣉ࡟ࡼࡾ 500 µg/h ࡢ流㔞࡛ࠊエࣞࢡࢺࣟࢫࣉ࣮ࣞ࡟供給ࡋࡓࠋエࣞࢡ
ࢺࣟࢫࣉ࣮ࣞ࡬ࡢ試料溶液ࡢ供給ࡣࠊࢩࣜンࢪࡢ先࡟࣓ࢱࣝࣁࣈ付交換針(0.11 mm I.D., 0.24 
mm O.D., L = 25 cm (株)ࢪ࣮エࣝサ࢖エンࢫ)ࢆ用い࡚行ࡗࡓࠋエࣞࢡࢺࣟࢫࣉ࣮ࣞ࡟高ᅽ電
源(HAMAMATSU 製, Model C3350)ࢆ用い࡚ࠊ1900 ~ 2500 V ࡢ電ᅽࢆ印加ࡋࡓࠋࡑࡋ࡚ࠊ安
定࡞ࢸ࢖࣮ࣛコ࣮ンࢆ形成さࡏ࡚ PEG ศ子ࢆ発生さࡏࡓࠋエࣞࢡࢺࣟࢫࣉ࣮ࣞࡢ針ࡢ先端
部ࢆࠊCCD ࣓࢝ࣛ࡜ࣔࢽࢱ࣮ࢆ用い࡚観察ࡍࡿこ࡜࡟ࡼࡾࠊࢸ࢖࣮ࣛコ࣮ンࡢ様子ࢆ随時
確認࡛ࡁࡿࡼう࡟ࡋࡓ(Fig. 3-6)ࠋこࡢࡼう࡞方法࡛発生さࡏࡓ PEG ศ子ࡣ多価࡟帯電ࡋ࡚
いࡿ࡜考えࡽࢀࡿࠋࡑࡢࡓࡵࠊ帯電状態ࡢ中和࡟ α線源࡛あࡿ 241Am ࢆ用いࡓࠋ中和器ࡀ無
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い場ྜ࡜中和器ࢆ設置ࡋ࡚荷電中和ࢆ行ࡗࡓ場ྜࡢ 2 種類ࡢ帯電状態ࡢ PEG ศ子ࢆ Wien
型-DMA ࡟ᑟ入ࡋ࡚ศ級ࡋࡓࠋWien 型-DMA ࡢ電ᅽ印加࡟ࡣࠊ高電ᅽࢯ࣮ࢫ࣭࣓࣮ࢱ
(KEITHLEY,INC.製, Model 2410)ࢆ用いࡓࠋࡲࡓࠊࢩ࣮ࢫ࢞ࢫࡢ流㔞ࡣࠊ15 L/min ࡟設定ࡋ࡚








(a) PEG ࡢ電気移動度ศ布 (中和器有ࡾ無ࡋ 計測装置:CPC) 
 PEG4600 ࢆ試料࡜ࡋ࡚電気移動度ศ布ࡢ測定ࢆ行ࡗࡓࠋ中和器ࡀ無い場ྜࡢ電気移動度
ศ布ࡢ結果ࢆ Fig. 3-7 ࡟ࠊ中和器ࢆ設置ࡋ࡚荷電中和ࢆ行ࡗࡓ電気移動度ศ布ࡢ結果ࢆ Fig. 
3-8 ࡟示ࡍࠋ縦軸ࡣ個数濃度ࠊ横軸ࡣ電気移動度(Zp)ࡢ逆数ࢆ示ࡍࠋ中和器ࡀ無い場ྜࡣ Fig.3-
7 ࡢࡼう࡟㸰峰性ࡢศ布ࡀ見ࡽࢀࡿࠋこࡢ大ࡁい方ࡢࣆ࣮ࢡࢆ PEG4600 由来ࡢࣆ࣮ࢡ࡛帯
電数ࢆ 1 価࡜仮定ࡍࡿ࡜ࡑࡢ粒径ࡣ 2.2 nm ࡟࡞ࡿࠋ一方࡛中和器ࢆ設置ࡋ࡚荷電中和ࢆ行
ࡗࡓ場ྜࠊFig. 3-8 ࡟示ࡍࡼう࡟中和器ࡀ無い場ྜࡢ結果࡜比࡭࡚ࣆ࣮ࢡࡢ఩置ࡀ右࡟移動
ࡋ࡚いࡿࠋ同様࡟ 1 価࡜仮定ࡋ࡚粒径ࢆ求ࡵࡿ࡜ 2.7 nm ࡟࡞ࡿࠋこࡢࡼう࡞微ᑠ粒子ࡣ両
極࢖࢜ン࡟ࡼࡿᖹ衡帯電状態࡛ࡣࠊ1 価あࡿいࡣ無帯電࡛ࡋ࠿存ᅾ࡛ࡁ࡞いࡓࡵࠊPEG4600





行ࡗࡓࠋPEG10,000 ~ PEG75,200 ࡢ中和器ࡀ無い場ྜ࡜中和器ࢆ設置ࡋ࡚荷電中和ࢆ行ࡗࡓ
場ྜࡢ電気移動度ศ布ࡢ測定結果ࢆ Figs.3-9 ~3- 16 ࡟示ࡍࠋFigs.3-9ࠊ3-11ࠊ3-13ࠊ3-15 ࡟示
ࡍࡼう࡟ࠊ中和器ࡀ無い場ྜࡣࠊ二峰性ࡢศ布ࡀ見ࡽࢀࠊPEG4600 ࡢ時࡜同様࡞傾向ࡀ得ࡽ
ࢀࡓࠋ二峰性ࡢࣆ࣮ࢡࡢ大ࡁ࡞ࣆ࣮ࢡࢆ PEG 由来ࡢࣆ࣮ࢡ࡛ 1 価࡜仮定ࡍࡿ࡜ࠊPEG2000
ࡢ粒径ࡣ 2.4nmࠊPEG10000 ࡣ 2.4 nmࠊPEG21300 ࡣ 2.4 nmࠊPEG75200 ࡣ 2.6 nm ࡟࡞ࡿࠋ
Figs. 3-10ࠊ3-12ࠊ3-14 及び 3-16 ࡟示ࡍࡼう࡟中和器ࢆ設置ࡋ࡚荷電中和ࢆ行ࡗࡓ結果ࠊ中
和器ࡀ無い場ྜࡢ結果࡜比࡭࡚ࣆ࣮ࢡࡢ఩置ࡀ右࡟移動ࡋ PEG4600 ࡢ時࡜同様࡞傾向ࢆ示
ࡋࡓࠋこࢀࡽࡢ粒子ࢆ 1 価࡜仮定ࡋ࡚粒径ࢆ求ࡵࡿ࡜ࠊPEG2000 ࡣ 2.2nmࠊPEG10,000 ࡢ粒
径ࡣ 3.5 nmࠊPEG21,300 ࡢ粒径ࡣ 4.5 nmࠊPEG75,200 ࡢ粒径ࡣ 6.9 nm ࡜࡞ࡗࡓࠋこࢀࡽࡼ
ࡾࠊエࣞࢡࢺࣟࢫࣉ࣮࡛ࣞ発生ࡋࡓ PEG 粒子ࡣ多価࡟帯電ࡋ࡚࠾ࡾࠊDMA-CPC ࡢ組ࡳྜ
わࡏ࡛ࡣࠊ荷電数ࢆ 1 価࡜仮定ࡍࡿ࡜正ࡋい粒子径ࡀ得ࡽࢀ࡞いこ࡜ࡀわ࠿ࡗࡓࠋࡼࡗ࡚ࠊ
















































































































































































































Fig. 3-11  Inverse mobility spectra of electrosprayed PEG10,000. (Without Am) 
 





















































































Fig. 3-13  Inverse mobility spectra of electrosprayed PEG21,300. (Without Am) 
 
 




































































 Fig. 3-15  Inverse mobility spectra of electrosprayed PEG75,200.(Without Am) 
 
 















































































(b) PEG ࡢ電気移動度ศ布 (中和器無ࡋ 計測装置:AE) 
CPC ࡛測定ࡋࡓ電気移動度ศ布ࡢ結果ࡼࡾࠊ中和器ࡀ無い場ྜࡢ PEG ศ子ࡢ粒径ࡣ 2.2 ~ 
2.6 nm ࡜ᑠさいࠋCPC ࡢ 50％検出粒径ࡣ 2.5 nm ࡛あࡾࠊAE ࢆ用い࡚電気移動度ศ布ࢆ求
ࡵ࡚結果ࢆ比較ࡍࡿこ࡜࡛ࠊ検出感度࡟ࡼࡿ測定誤差ࡢ有無ࢆ判断࡛ࡁࡿࠋFigs. 3-17 ~ 20
࡟ AE ࡛測定ࡋࡓ電気移動度ศ布ࡢ結果ࢆ示ࡍࠋ縦軸ࡣ AE ࡢ電流値 Iࠊ横軸ࡣ電気移動度







Figs. 3-17 ~ 3-20 ࡼࡾ二峰性ࡢ電気移動度ศ布ࡀ見ࡽࢀࡿࠋ大ࡁ࡞ࣆ࣮ࢡࢆ PEG 由来ࡢࣆ
࣮ࢡ࡛ 1 価࡜仮定ࡍࡿ࡜ࠊPEG4600 ࡢ粒径ࡣ 2.3nmࠊPEG10000 ࡢ粒径ࡣ 2.4nmࠊPEG21300
ࡢ粒径ࡣ 2.5nmࠊPEG75200 ࡢ粒径 2.7nm ࡜࡞ࡿࠋCPC ࡛測定ࡋࡓ結果࡜比較ࡋ࡚ࡶࣆ࣮ࢡ
ࡢ఩置࡟変化ࡀ見ࡽࢀ࡞࠿ࡗࡓࠋ原理ࡢ異࡞ࡿ 2 ࡘࡢ測定器ࢆ使用ࡋ࡚同ࡌ Zp ࡛ࣆ࣮ࢡࡀ
得ࡽࢀ࡚いࡿこ࡜ࡼࡾࠊ計測器ࡢ妥当性ࢆ確認࡛ࡁࡓࡶࡢ࡜考えࡿࠋࡋ࠿ࡋࠊAE ࡢ電流値












Fig. 3-17  Inverse mobility spectra of electrosprayed PEG4.600 (Without Am) 
 
 














































Fig. 3-19  Inverse mobility spectra of electrosprayed PEG21.300 (Without Am) 
 
 

















































(c) PEG ࡢศ子㔞࡜粒径ࡢ関係 
  
Figs.3-7~3-20 ࡢ電気移動度ศ布ࡢࣆ࣮ࢡ఩置࡟࠾けࡿ電気移動度 Zpࡼࡾࠊ以ୗࡢMillikan 
& Fuchs ࡢ式ࢆ用い࡚ࠊ粒子ࡢ電荷ࢆ 1 価࡜仮定ࡋ࡚求ࡵࡓ粒径ࢆࣉࣟࢵࢺࡋࡓ結果ࢆ Fig. 








ここ࡛ࠊCCࡣ Cunningham ࡢ補正係数ࠊµࡣ⢓度࡛あࡿࠋ 
Fig.3-21 ࡢ縦軸ࡣ粒径ࠊ横軸ࡣศ子㔞࡛あࡿࠋᅗ中ࡢࣉࣟࢵࢺࡣ電気移動度ศ布ࡼࡾ求ࡵ
ࡓ粒子径ࢆࠊ実線ࡣ粒子密度 ρp＝1.12 ×103 kg/m3 ࡢ球形࡜仮定ࡋ࡚ Eq. (3-8)࡛求ࡵࡽࢀࡿ
理論線ࢆ示ࡋ࡚いࡿࠋࡲࡓࠊSaucy et al.12)ࡀ実験的࡟検証ࡋࡓ PEG ศ子㔞 Mw࡜粒子径ࡢ関
係式ࡼࡾ求ࡵࡓ粒子径ࢆ破線࡛示ࡋࡓࠋ 
 
  =   !"#$%&    
 
ここ࡛ࠊNAࡣࠊ࢔࣎࢞ࢻࣟ定数ࠊρpࡣ密度࡛あࡿࠋ 
Fig. 3-21 及び Table 3-1 ࡼࡾࠊ中和器ࡀ無い場ྜࡢ結果ࢆ見ࡿ࡜ศ子㔞ࡀ変更ࡋ࡚ࡶ粒径
ࡣ変化ࡋ࡞いこ࡜ࡀわ࠿ࡿࠋ一方ࠊ中和器ࢆ使用ࡋࡓ場ྜࡣࠊศ子㔞ࡢ増大࡜࡜ࡶ࡟粒径ࡀ








Fig. 3-21  Relationship between molecular weight and particle diameter of PEGs 
 
 
Table 3-1  Relationship between molecular weight and particle diameter of PEGs 
Molecular Weight dp with Am (CPC) dp without Am (CPC) dp without Am (AE) 
[kg/mol] [nm] [nm] [nm] 
2.0 2.2 2.4 - 
4.6 2.7 2.2 2.3 
10.0 3.5 2.4 2.4 
21.3 4.5 2.4 2.4 


































Molecular weight, Mw [kg/mol]
dp with neutralizer
dp without neutralizer (CPC)
dp without neutralizer (AE)
Saucy's experimental equation
Diameter of sphere single molecule
71 
 
3-4  エࣞࢡࢺࣟࢫࣉ࣮࡛ࣞ発生ࡋࡓPEG ศ子࢖࢜ンࡢ荷電数ࡢ評価࡜PEG1000 単ศ子࢖
࢜ンࡢ発生 
 前節ࡢ結果ࡼࡾࠊエࣞࢡࢺࣟࢫࣉ࣮࡛ࣞ発生ࡋࡓ PEG ศ子࢖࢜ンࡣ DMA ࡟ᑟ入ࡍࡿ前
࡟荷電中和ࢆࡋ࡞い࡜正ࡋい粒子径ࢆ求ࡵࡿこ࡜ࡀ࡛ࡁ࡞いこ࡜ࡀ示唆さࢀࡓࠋこࢀࡣエ
ࣞࢡࢺࣟࢫࣉ࣮࡛ࣞ発生ࡋࡓ粒子ࡀ多価࡟帯電ࡋ࡚いࡿこ࡜ࡀ原因࡛あࡿ࡜推測さࢀࡿࠋ
ࡑこ࡛ࠊDMA ࡛ศ級ࡋࡓ PEG4600 及び PEG2000 エ࢔ࣟࢰࣝࢆ中和後࡟ࢼࣀ DMA ࡛粒子
径測定(ࢱンࢹ࣒ DMA 法)ࢆ行いࠊ粒度ศ布࡜荷電数ศ布ࢆ求ࡵࡓࠋさࡽ࡟ࠊこࢀࡽࡢ試験
結果࠿ࡽࠊ1 価ࡢ PEG1000 単ศ子࢖࢜ンࡢ発生方法࡟ࡘい࡚実験的࡟検討ࡋࡓࠋ 
 
3-4-1 実験方法及び条件 
 実験装置ࢆ Fig.3-22 ࡟示ࡍࠋエࣞࢡࢺࣟࢫࣉ࣮ࣞࢆ用い࡚ PEG2000 及び PEG4600 ࡢศ子
࢖࢜ンࢆ発生さࡏࠊ直接 DMA ࡟ᑟ入ࡋࡓࠋ電気移動度࡟ࡼࡗ࡚ศ級さࢀࡓエ࢔ࣟࢰࣝࢆ荷
電中和装置࡟通ࡋࡓ後ࠊ再度ࢼࣀ DMA ࡟ᑟ入ࡋࠊᖹ衡荷電状態࡛ࡢ電気移動度ศ布ࢆ計測
ࡋࡓࠋ࡞࠾ࠊ1 段目ࡢ DMA 印加電ᅽࡣࠊFig.3-7 及び Fig.3-9 ࡢ電気移動度ศ布ࡢ 2 ࡘࡢࣆ
࣮ࢡ࡜ࡋࡓࠋ 
 ࡲࡓࠊ試験粒子࡜ࡋ࡚粒子径ࢆྍ能࡞限ࡾᑠさࡃࡍࡿࡓࡵࠊAE ࡟ࡼࡾ PEG1000 ࢆ用い࡚
電気移動度ศ布ࢆ計測ࡋࡓࠋ 
 





(a) エࣞࢡࢺࣟࢫࣉ࣮࡛ࣞ発生ࡋࡓ PEG ศ子࢖࢜ンࡢ荷電数ࡢ評価 
帯電中和装置ࢆ使用ࡏࡎ࡟得ࡓ PEG4600 ศ子࢖࢜ンࡢ電気移動度ศ布(Fig.3-7)ࡢ 2 ࡘࡢ
ࣆ࣮ࢡ࡟含ࡲࢀࡿ PEG ศ子࢖࢜ンࡢ粒度ศ布測定結果ࢆ Fig.3-23 ࡟示ࡍࠋ同ᅗ࡟࠾い࡚ࠊ
数 10 nm 以ୗࡢࢼࣀ粒子ࡣࠊᖹ衡荷電状態࡛無帯電又ࡣ 1 個荷電粒子࡜ࡋ࡚ࡋ࠿存ᅾ࡛ࡁ
࡞いࡢ࡛ࠊ横軸ࡣ np＝㸯࡜ࡋ࡚求ࡵࡓ粒径ࢆ࡜ࡗ࡚いࡿࠋこࢀࡼࡾࠊPEG4600 ࡢ第㸯ࣆ࣮
ࢡࡣ約 3 nm ࡢ単ศ散ศ子࢖࢜ン࡛あࡾࠊ第 2 ࣆ࣮ࢡ࡟ࡣ多価帯電ࡢࣔࣀ࣐࣮࡜多価帯電ࡢ
10～30 nm ࡢ⢒大粒子ࡀ含ࡲࢀ࡚いࡿこ࡜ࡀわ࠿ࡿࠋ同様࡟ࠊFig.3-9 ࡟示ࡋࡓ PEG2000 ࡢ
電気移動度ศ布ࡢ第 1 ࣆ࣮ࢡ࡛ศ級ࡋࡓ粒子ࡢ粒度ศ布ࢆ計測ࡋࡓ࡜こࢁࠊ粒子径 2.2 nm
ࡢࢩ࣮ࣕࣉ࡞ศ布ࡀ得ࡽࢀࡓࠋࡲࡓࠊ第 2 ࣆ࣮ࢡ࡟ࡣ 5～18 nm ࡢ粒子ࡀ含ࡲࢀ࡚いࡓࠋࡋ
ࡓࡀࡗ࡚第㸯ࣆ࣮ࢡ࡟相当ࡍࡿ DMA 印加電ᅽ࡛ศ級ࡍࡿこ࡜࡛ࠊエࣞࢡࢺࣟࢫࣉ࣮ࣞࡢ発
生粒子ࡢ帯電ࢆ中和ࡍࡿこ࡜࡞ࡃ単一ศ子࢖࢜ンࢆ取ࡾ出ࡍこ࡜ࡀ࡛ࡁࡿࠋࡓࡔࡋࠊ第 1 ࣆ
࣮ࢡࡢ電気移動度࠿ࡽ Eq.(3-7)ࢆ用い࡚粒子ࡢ荷電数ࢆ算出ࡋࡓ࡜こࢁࠊPEG4600 ࡛ࡣ約 4
価ࠊPEG2000 ࡣ約 1 価࡜࡞ࡾࠊศ子㔞ࡀ大ࡁࡃ࡞ࡿ࡯࡝多価࡟帯電ࡍࡿࣔࣀ࣐࣮ࡀ存ᅾࡍ
ࡿ࡜いえࡿࠋ以ୖࡢこ࡜࠿ࡽࠊPEG4600ࠊ2000 ࡛ࡣ第 1 ࣆ࣮ࢡࡣࣔࣀ࣐࣮࡛あࡾࠊPEG4600
࡛ࡣᖹ均荷電数ࢆ４ࠊPEG2000 ࡛ࡣ 1 ࡜ࡍࡿこ࡜࡟ࡼࡾࠊAE ࡛測定さࢀࡿ電流࠿ࡽ Eq.(3-
6)ࢆ用い࡚個数濃度࡟換算࡛ࡁࡿ࡜考えࡽࢀࡿࠋ 


























































































(b)  1 価ࡢ PEG1000 単ศ子࢖࢜ンࡢ発生 
濃度 0.005 M ࡢ PEG1000 溶液ࢆ用いエࣞࢡࢺࣟࢫࣉ࣮࡛ࣞ発生ࡋࡓ PEG ศ子࢖࢜ンࡢ電
気移動度ศ布ࢆ AE ࡛計測ࡋࡓ結果ࢆ Fig.3-25 ࡟示ࡋࡓࠋここ࡛ࡣ DMA 入口࡟帯電中和装
置ࡣ設置ࡋ࡚い࡞いࠋ結果ࡼࡾࠊこࢀࡲ࡛ࡢ試験࡜同様࡟ 2 峰性ࡢ電気移動度ศ布ࡀ得ࡽࢀ
ࡓこ࡜࠿ࡽࠊ第㸯ࣆ࣮ࢡ࡛ศ級ࡋࡓ粒子ࡀ 1 価ࡢ PEG1000 単ศ子࢖࢜ン࡛あࡿ࡜考えࠊ次
節ࡢ捕集効率試験࡟使用ࡋࡓࠋ第 1 ࣆ࣮ࢡࡢ電気移動度ࡼࡾ求ࡵࡓ PEG1000 ࡢ粒子径ࡣ




Fig. 3-25  Electrical mobility distribution of PEG1000 
 
3-5 気中࣐ࢡࣟศ子ࢆ用いࡓࣇ࢕ࣝࢱ捕集試験 





































 本研究࡛用いࡓࢸࢫࢺࣇ࢕ࣝࢱࡢ SEM 像ࢆ Fig. 3-26 ࡟示ࡍࠋࣇ࢕ࣝࢱ࡜ࡋ࡚ SUS ࠾ࡼ




ࣝࣇ࢕ࣝࢱ࡜ࡋ࡚用いࡽࢀ࡚ࡁࡓࠋ(Cheng & Yeh7)) 
 対数透過則ࢆ用い࡚単一繊維捕集効率ࢆ求ࡵࡿ際࡟ࡣࠊᖹ均繊維径 dfࠊࣇ࢕ࣝࢱ厚ࡳ Lࠊ 
充填率 αࢆ計測ࡍࡿ必要ࡀあࡿࠋ本研究࡛ࡣࠊࣇ࢕ࣝࢱࡢ繊維径 dfࡣ SEM 写真࡟ࡼࡾࠊ50
本ࡢ繊維ࢆࣛンࢲ࣒࡟測定ࡋࡓᖹ均値ࢆ用いࡓࠋ厚ࡳ h ࡣࠊ1 枚ࡢࣇ࢕ࣝࢱࢆ࣐࢖ࢡ࣓࣮ࣟ
ࢱ(PEACOCK, Model G-6C)࡟ࡼࡾ 20 回計測ࡋࠊࡑࡢᖹ均値ࢆ用いࡓࠋ充填率 αࡣࠊ次式ࢆ
用い࡚求ࡵࡓࠋ 
    α ＝ ms/(Ldsρs)                                               (3-9) 
ここ࡛ࠊL ࡣワ࢖ࣖࢫࢡ࣮ࣜンࡢ厚ࡳࠊρS ࡣワ࢖ࣖࢫࢡ࣮ࣜンࡢ繊維ࡢ材質ࡢ密度ࠊds ࡣワ
࢖ࣖࢫࢡ࣮ࣜンࡢ面積ࠊms ࡣワ࢖ࣖࢫࢡ࣮ࣜンࡢ質㔞࡛あࡿࠋSUS304 ࠾ࡼびࢼ࢖ࣟンࡢ密
度ࡣࠊࡑࢀࡒࢀ ρSUS = 7,930 kg/m3ࠊ ρNylon = 1,140 kg/m3 ࡜ࡋࡓࠋ本実験࡛ࡣࠊワ࢖ࣖࢫࢡࣜ
࣮ンࢆ 3 cm ࡢ正方形࡟ษࡾ取ࡾࠊこࡢワ࢖ࣖࢫࢡ࣮ࣜンࡢ質㔞ࢆ電子天秤(Sartorius, 
CPA225D)࡛測定ࡋࡓࠋSUS304 ࠾ࡼびࢼ࢖ࣟンࡢ質㔞ࡣࠊࡑࢀࡒࢀ mSUS = 0.00008166 kgࠊ
mNylon = 0.00006561 kg ࡜࡞ࡗࡓࠋこࡢࡼう࡟ࡋ࡚求ࡵࡓ各ワ࢖ࣖࢫࢡ࣮ࣜンࡢ繊維径 df࡜充
填率 αࢆ Fig. 3-26 ࡢ写真ୗ部࡟示ࡋࡓࠋ 
 
     
      (a) SUS wire screen                   (b) Nylon wire screen 
       df = 30 µm                      df = 95 µm 
α = 0.247                      α = 0.402 




 ศ子㔞 1000～75200g/mol ࡢ PEG ศ子ࢆ試験粒子࡜ࡋ࡚用い࡚ࠊSUS ワ࢖ࣖࢫࢡ࣮ࣜン及




ࡓࠋᅗ中ࡢ(a) ~ (c)ࡢ経路࡛ࡣࠊ(a)中和器ࡀ無い場ྜࡢ多価帯電粒子ࠊ(b)Wien 型-DMA ࡢ前












ࢲ㸦ࣈࣛンࢡ࣍ࣝࢲ㸧ࡢ粒子個数濃度ࢆࡑࢀࡒࢀ交互࡟測定ࡋࠊ透過率 Pave ࢆ Eq. (3-10)ࢆ
用い࡚求ࡵࡓ㸦Table 3-2㸧ࠋ 
                Pa v e ( d p ) =
2 C f i l te r , n




           (3-10) 
ここ࡛ࠊN ࡣ透過率測定回数(=3)࡛あࡿࠋ 
 
Table. 3-2  Penetration measuring method. 
 1 2 3 4 5 6 7 
Cblank Cblank,1  Cblank,2  Cblank,3  Cblank,4 
Cfilter  Cfilter,1  Cfilter,2  Cfilter,3  



































Fig. 3-28  Penetration of PEG10000 (singly charged) through SUS wire screen. 
    
Fig. 3-29  Penetration of PEG10000
 




































   
   Fig. 3-31  Relationship between number concentration Cblank and Cfilter. 
 
3-5-4  実験方法及び条件  
Fig. 3-27 ࡢ経路(a) ~ (c)࡛発生さࡏࡓ 3 通ࡾࡢ帯電状態ࡢ PEG ศ子ࢆ試験粒子࡜ࡋ࡚用い
࡚ SUS 及び Nylon ワ࢖ࣖࢫࢡ࣮ࣜンࡢ透過率ࢆ評価ࡋࡓࠋࢁ過㏿度ࡣ 0.25 ~ 0.45 m/s ࡲ࡛







(a) SUS ワ࢖ࣖࢫࢡ࣮ࣜンࡢ単一繊維捕集効率 
透過率測定結果ࡼࡾ単一繊維捕集効率ࢆ求ࡵࠊPe 数࡜ࡢ関係ࢆࣉࣟࢵࢺࡋࡓ結果ࢆ
Figs.3-32 ~3-34 ࡟示ࡍࠋࡲࡓࠊEq. (3-3)ࡢ単一繊維捕集理論࡟基࡙い࡚求ࡵࡓ推定値ࢆᅗ中
ࡢ実線࡛示ࡍࠋ 
Fig. 3-32 ࡼࡾࠊ多価帯電 PEG ศ子ࡢ単一繊維捕集効率ࡣ推定線ࡼࡾపࡃ࡞ࡾࠊ一見ࠊ繊



































Number concentration (Blank) ［cm-3］
0.1 m/s, P = 0.19
0.15 m/s, P = 0.27
0.2 m/s, P = 0.34
0.3 m/s, P = 0.42




















Fig. 3-32  Single fiber collection efficiency of PEG (multiply charged) through SUS wire screen. 
  






























































Fig. 3-34  Single fiber collection efficiency of PEG (equilibrium charged) through SUS wire screen.  
 
 
(c) Nylon ワ࢖ࣖࢫࢡ࣮ࣜンࡢ単一繊維捕集効率 
Nylon ワ࢖ࣖࢫࢡ࣮ࣜンࢆ用いࡓ捕集効率実験ࡼࡾ Pe 数及び単一繊維捕集効率ࢆ求ࡵࠊ
両者ࡢ関係ࢆࣉࣟࢵࢺࡋࡓ㸦Figs.3-35~ 3-37㸧ࠋSUS ࣓ࢵࢩࣗࢆ使用ࡋࡓ時࡜同様࡟ࠊ多価帯















































Fig. 3-35  Single fiber collection efficiency of PEG (multiply charged) through Nylon wire screen. 
 





























































Fig. 3-37  Single fiber collection efficiency of PEG (equilibrium charged) through Nylon wire screen. 
 
3-5-6 考察 
3 種類ࡢ帯電状態ࡢ PEG ศ子࢖࢜ンࢆ試験粒子࡜ࡋ࡚ࣔࢹࣝࣇ࢕ࣝࢱࡢ単一繊維捕集効
率ࢆ求ࡵࡓ結果ࠊDMA 入口࡛エ࢔ࣟࢰࣝࡢ荷電ࢆ中和ࡏࡎࠊ2 峰性ศ布ࡢ大ࡁ࡞ࣆ࣮ࢡ࡛
ศ級ࡋࡓ粒子࡛捕集効率試験ࢆ行う࡜ࠊFig.3-32 及び Fig.3-35 ࡢࡼう࡟拡散捕集ࡢ理論値࠿
ࡽ外ࢀࠊ熱反発ࡀ生ࡌࡓࡼう࡟ࡳࡽࢀࡿこ࡜ࡀわ࠿ࡗࡓࠋ一方࡛荷電状態ࢆ 1 価荷電及びᖹ
衡荷電状態࡜制御ࡋ࡚捕集効率試験ࢆ行ࡗࡓ結果ࠊ拡散࡟ࡼࡿ捕集理論࡜一致ࡋࡓࠋこࢀࡣ





Lee ࡢ報告 6)࡛ࡣࠊエࣞࢡࢺࣟࢫࣉ࣮࡛ࣞ発生さࡏࡓ PEG 粒子ࢆ荷電中和ࡏࡎ࡟ DMA ࡟
ᑟ入ࡋ࡚࠾ࡾࠊ今回ࡢࡼう࡟多㔜荷電⢒大粒子࡟ࡼࡾ理論線࠿ࡽ外ࢀࡓࡶࡢ࡜思わࢀࡿࠋࡋ
࠿ࡋࠊPEG ศ子ࡼࡾࡶศ子㔞及びศ子サ࢖ࢬࡢᑠさいࢸࢺࣛ࢔ࣝ࢟ࣝ࢔ンࣔࢽウ࣒࢖࢜ン






































࣮࡜微ศ型静電ศ級器(Wien 型-DMA)ࢆ用い࡚ PEG ศ子ࢆ発生さࡏࡓࠋこࡢ PEG ศ子ࡢ帯









2ࠊ ศ子㔞 1000~ 75200 ࡢ多価帯電 PEG ศ子ࢆ荷電中和ࡍࡿこ࡜࡛ࠊ粒径ࡀ 1.8~ 6.9 nm ࡢ
1 価帯電 PEG ศ子ࡀ発生࡛ࡁࡿࠋࡲࡓ DMA 入口࡟中和器ࢆ設置ࡋ࡞い場ྜ࡟ࡣࠊ2 峰
性ศ布ࡢ第一ࣆ࣮ࢡࡀ単一ศ子࢖࢜ン࡛あࡿこ࡜ࢆ確認ࡋࡓࠋ࡞࠾ࠊこࡢ手法࡛得ࡽࢀ
ࡿ PEG4600 単一ศ子࢖࢜ンࡣ 4 価ࠊPEG1000 及び 2000 ࡣ 1 価࡟帯電ࡋ࡚いࡿこ࡜ࢆ確
認ࡋࡓࠋࡲࡓࠊศ子㔞࡜粒径ࡢ関係ࡣ理論値࡜࡯ࡰ一致ࡋࡓࠋ 
 
3ࠊ 3 ࡘࡢ帯電状態ࡢ PEG ศ子ࢆ試験粒子࡜ࡋ࡚用い࡚ࠊࣇ࢕ࣝࢱ捕集試験ࢆ行ࡗࡓ結果ࠊ
SUS ワ࢖ࣖࢫࢡ࣮ࣜン࡜ Nylon ワ࢖ࣖࢫࢡ࣮ࣜン࡟同様࡞傾向ࡀ得ࡽࢀࡓࠋࡑࡢࡓࡵࠊ
ࢸࢫࢺワ࢖ࣖࢫࢡ࣮ࣜンࡢ材質ࡢ差࡟ࡼࡿ影響ࡣ無い࡜考えࡿࠋ 
 













ࡍࡿ࡜࡜ࡶ࡟サࣈ 10 nm ࡢ粒子࡟対ࡍࡿࣇ࢕ࣝࢱࡢ捕集効率ࡢ評価方法ࢆ確立ࡋࡓࠋࡲࡓࠊ
捕集効率試験結果ࡼࡾࠊ跳ࡡ返ࡾࡣ少࡞ࡃ࡜ࡶ粒径 1.8 nm 以ୖ࡛ࡣ起こࡽ࡞い࡜いうこ࡜
ࢆ確認ࡋࡓࠋさࡽ࡟中和器࡞ࡋ࡛発生ࡋࡓ PEG 単ศ散࢖࢜ンࢆ AE ࡛計測ࡍࡿ手法ࢆ確立
࡛ࡁࡓこ࡜࠿ࡽࠊ今後さࡽ࡟ᑠさ࡞ศ子㔞ࡢ࣐ࢡࣟศ子࢖࢜ンࢆ用いࡓ発生条件ࢆ検討ࡍ
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第 4 章 ࿧吸ࢩ࣑ュ࣮ࣞࢱࡢ開発࡜応用 
 第 2 章࡛ࡣࣇ࢕ࣝࢱࡢ構ᡂࡢ研究࡜ࡋ࡚ࢼࣀࣇ࢓࢖ࣂࣇ࢕ࣝࢱࡢ高性能化࡟ࡘい࡚実験






























































開発ࡋࡓ࿧吸ࢩ࣑ュ࣮ࣞࢱࡢ௙様࡜概要ᅗࢆ Fig.4-1 及び Table 4-1 ࡟示ࡋࡓࠋ本装置ࡣࠊ
主࡜ࡋ࡚電動式ࢧ࣮࣎ࢩࣜンࢲ及びࢧ࣮࣎コンࢺ࣮ࣟࣛ㸦CYA150, Shinto, Japan㸧ࠊ波形発生








࡛あࡿࠋエ࢔ࢩࣜンࢲ 2 本࡛ 1 回ࡢࢫࢺ࣮ࣟࢡ当ࡾ約 6L ࡢ空気ࢆ発生ࡍࡿࠋࡇࡢ容量ࡣࠊ
多ࡃࡢᡂ人男性ࡢ肺活量ࡼࡾࡶ大ࡁ࡞値࡛あࡿࠋ電動式ࢧ࣮࣎ࢩࣜンࢲࡢ伸縮㏿度㸦࿧吸回
数㸧ࡣࠊ理論ୖࡣ最大 300 回/min㸦5Hz㸧࡛あࡿࡀࠊࢫࢺ࣮ࣟࢡࡀ長ࡃ࡞ࡿ࡯࡝పୗࡋࠊ最



















Fig. 4-1  Basic concept of breathing flow reproduction system 
 
Table 4-1  Specifications of Breathing Simulator 
Breathing Frequency per minute (cycles/min) 0-300 
Maximum cylinder stroke (mm) 250 
Maximum cylinder speed (mm/s) 300 
Tidal volume of one breath (L/cycle) 0-6 
Maximum minute volume of breathing simulator (L/min) 180 
Reproductive breathing waveform  (3 modes) 1. Sine, Triangle, Square 
2. Arbitrary 































࿧吸波形ࢆṇ弦波࡜仮定ࡍࡿ࡜ࠊ時間 t ࡟࠾けࡿ瞬時࿧吸㏿度 Vt (L/min)ࡣ Eq.(4-1) ࡢࡼう
࡟表ࡉࢀࡿࠋ 
Vt =Vmax sin(2πt/ν)                    (4-1) 
ࡇࡇ࡛ࠊVmax ࡣ࿧吸ࡢ最大流㏿(L/min)ࠊν ࡣ 1 回ࡢ࿧吸࡟࠾けࡿ周期(s)࡛あࡿࠋ࿧吸㏿度
Vt = 0 ࢆ中心࡜ࡋ࡚ୖୗ࡟分࠿ࢀࡓ部分ࡢ面積ࡣ 1 回換気量 Vi㸦L㸧࡜࡞ࡿࠋ࿧吸ࡢ最大流
㏿ Vmax ࡣࠊEq.(4-2)ࡢࡼう࡟෇周率π࡜ᖹ均࿧吸量 Vave (L/min)ࡢ積࡛あࡾࠊVave ࡣ 1 回換気
量 Vi࡜࿧吸回数 fc (cycles/min)ࡢ積࡛表ࡉࢀࡿࠋ  
Vmax 㸻πVave=πVi fc                                   (4-2)  
 ࿧吸ࢩ࣑ュ࣮ࣞࢱ࡟࠾けࡿ 1 回換気量 Viࡣࠊࢩࣜンࢲࢫࢺ࣮ࣟࢡ Lcyl (cm)࡜エ࢔ࢩࣜンࢲ
ࡢ断面積 Acyl (cm2)ࡢ積࡜࡞ࡿࠋࡼࡗ࡚エ࢔ࢩࣜンࢲࡼࡾ発生ࡍࡿ空気㏿度 Vt ࡣࠊEq.(4-1)࡜
Eq.(4-2)ࢆ用い࡚ Eq.(4-4)ࡢࡼう࡟表ࡍࡇ࡜ࡀ࡛ࡁࡿࠋ 
Vt = (πAcyl fc Lcyl) sin(2πfc t)                             (4-3) 
࿧吸ࢩ࣑ュ࣮ࣞࢱ࡟ࡼࡾ空気波形ࢆ発生ࡍࡿ場合ࠊEq.(4-3)࡟従ࡗ࡚電動式ࢧ࣮࣎ࢩࣜンࢲ
ࢆ㏿度制御ࡍࡿࡇ࡜࡛ 1 回換気量 Vi ࠊ࿧吸回数 F ࡢṇ弦波形ࢆ得ࡿࡇ࡜ࡀ࡛ࡁࡿࠋࡉࡽ࡟ࠊ
Eq.(4-3)ࢆ微分㸦Vt =Adx/dt㸧ࡍࡿࡇ࡜࡛時間 t ࡟࠾けࡿࢫࢺ࣮ࣟࢡ఩置 x ࢆ算出ࡍࡿࡇ࡜ࡀ
࡛ࡁࡿࠋEq.(4-4)࡟従い࿧吸ࢩ࣑ュ࣮ࣞࢱࢆ఩置制御ࡍࡿࡇ࡜࡛ṇ弦波気流ࡢ発生ࡀྍ能࡜
࡞ࡿࠋ 





























































࣮࣎コンࢺ࣮ࣟࣛࡣ vin ࡟応ࡌࡓ㏿度 vcont ࡛電動式ࢧ࣮࣎ࢩࣜンࢲࢆ駆動ࡍࡿࠋࡇࢀࢆ繰ࡾ
返ࡍࡇ࡜࡛入力ࡋࡓ࿧吸波形࡟応ࡌࡓ空気波形ࢆ発生ࡍࡿࡇ࡜ࡀ࡛ࡁࡿࠋྠ時࡟ࢧ࣮࣎コ
ンࢺ࣮ࣟࣛࡣ一定時間ࡈ࡜࡟ࢫࢺ࣮ࣟࢡࡢ఩置 xiࢆ検出ࡋࠊ積算ࡍࡿ(ࡇࢀࢆＳ࡜ࡍࡿ)ࠋ本




ࡣ電動式ࢧ࣮࣎ࢩࣜンࢲࡢ駆動電ᅽ vcont ࡟補ṇ係数 a 又ࡣ-a ࢆ乗ࡎࡿࡇ࡜࡛行わࢀࡿࠋ࿧
吸用保護具ࡢ試験࡛ࡣࠊ主࡜ࡋ࡚吸気量ࡀ重要࡛あࡿࡇ࡜࠿ࡽ Fig.4-3 ࡛ࡣ࿧気ࡢࡳࢆ補ṇ
ࡍࡿ例ࢆ示ࡋ࡚いࡿࡀࠊ補ṇࡣ吸気࡟ࡶ࠿けࡿࡇ࡜ࡀྍ能࡛あࡿࠋࡉࡽ࡟ࢧ࣮࣎コンࢺ࣮ࣟ
ࣛࡣ過去数࿧吸分ࡢࢫࢺ࣮ࣟࢡࡢ偏差 SA及び SBࢆ計算ࡋ࡚࠾ࡾࠊ積算値 S ࡢ増加ࡲࡓࡣ減
少ࡀ停Ṇࡋࡓ段㝵࡛補ṇࢆ中Ṇࡍࡿࠋ 
Fig.4-4 ࡟補ṇࣉࣟࢢ࣒ࣛࡢࢩ࣑ュ࣮ࣞࢩョン結果ࢆ示ࡋࡓࠋࡇࡢᅗࡣ 100 L/min ࡢṇ弦
波࡟࠾い࡚吸気量ࡀ࿧気量ࡼࡾࡶ 1 ％多い場合ࡢࢫࢺ࣮ࣟࢡ఩置 x ࡜積算値 S ࡢ時間変化
ࢆ示ࡋ࡚いࡿࠋࡇࡇ࡛ࠊVi = 2.5 L, fc = 40 cycles/min, Acyl = 122.5 cm2, Lcyl =102.4 mm, 誤差 = -
1%, 補ṇ許容値 za = 8000, 補ṇ係数 a = 0.98ࠊ఩置 xiࡢ計測間隔= 40ms ࡜ࡋࡓࠋ 
ᅗ中ࡢ細い実線㸦赤㸧ࡣ補ṇࣉࣟࢢ࣒ࣛࡀ稼働ࡋ࡚い࡞い場合ࡢࢫࢺ࣮ࣟࢡ఩置ࢆ示ࡋ
࡚いࡿࠋࢫࢺ࣮ࣟࢡ఩置ࡣ時間࡜࡜ࡶ࡟࣐࢖ࢼࢫ方向࡟移動ࡋࠊ60 ⛊経過後࡟ࡣࢫࢺ࣮ࣟ
ࢡ఩置 xi ࡣ-100 mm ࡟ࡲ࡛㐩ࡋ࡚いࡿࠋྠ時࡟ࠊ細い破線㸦赤㸧࡛示ࡋࡓ積算値 S ࡶ減少ࢆ





い実線㸦青㸧࡛示ࡋࡓࢫࢺ࣮ࣟࢡ఩置 xiࡣ 25 ⛊付近࡛減少࠿ࡽ増加࡟転ࡌࠊ60 ⛊後࡟ࡣࢫ

























































































Pi㼟㼠㼛㼚 P㼛㼟i㼠i㼛㼚 㻔N㼛 㼏㼛㼞㼞㼑㼏㼠i㼛㼚㻕
Pi㼟㼠㼛㼚 P㼛㼟i㼠i㼛㼚 㻔㻯㼛㼞㼞㼑㼏㼠i㼛㼚㻕
㻿㼡㼙 㼛㼒 㼜i㼟㼠㼛㼚 㼐i㼟㼜㼘a㼏㼑㼙㼑㼚㼠 㻔N㼛 㼏㼛㼞㼞㼑㼏㼠i㼛㼚㻕









































記録ࡋࡓ波形ࢹ࣮ࢱࢆ࿧吸ࢩ࣑ュ࣮ࣞࢱ࡟入力ࡋ࡚再生ࡋࡓ㸦Fig.4-6 ୗ㸧ࠋ試験条件ࢆ Table 
4-2 ࡟示ࡋࡓࠋ࿧吸ࢩ࣑ュ࣮ࣞࢱ࡛発生ࡋࡓ空気波形ࡣṇ弦波࡜ࡋࠊ࿧吸量ࡣ 10～40 L/min
࡜ࡋࡓࠋࡇࢀࡣ静Ṇ状態～重度ࡢ作業強度࡟࠾けࡿ࿧吸量࡟相当ࡍࡿࠋ࿧吸流量ࡢ計測࡟ࡣ
層流式流量計 LFE - 400LM㸦SOKKEN㸧ࢆ使用ࡋࡓࠋ試験時間ࡣ各条件 60 ⛊࡜ࡋࠊ試験ࡣ
3-5 回繰ࡾ返ࡋ行ࡗࡓࠋ 






Fig. 4-6  Setup for evaluating accuracy of the breath recording device and breathing simulator; Top: 
Generation and recording of a known airflow pattern, Bottom: Reproduction of the recorded 
breathing pattern. 
 
Table 4-2  Test conditions  
Breathing condition 10 L/min (1.0 L/cycle, 10 cycles/min) 
20 L/min (1.0 L/cycle, 20 cycles/min) 
30 L/min (1.5 L/cycle, 20 cycles/min) 
40 L/min (1.67 L/cycle, 24 cycles/min) 
Test time 1 min 
Sampling frequency 0.1 s 






















Fig.4-3 ࡟示ࡋࡓ補ṇࣉࣟࢢ࣒ࣛࡢ検証࡜ࡋ࡚ࠊ湯浅ࡽ 24㸧ࡀ過去࡟記録ࡋࡓ 3 ྡࡢ溶接作





Table 4-3  Test conditions  
Breathing pattern Worker A, B, C24) 
Test time 800 s 
Sampling frequency 0.1 s 






Table 4-4 ࡟示ࡋࡓࠋࡇࢀࡼࡾࠊ࿧吸波形記録装置࡛ࡣ 10－40 L/min ࡢ࿧吸ࢆ-4%ࡢ誤差࡛計
測ࡋࡓࠋࡇࡢࢹ࣮ࢱࢆ࿧吸ࢩ࣑ュ࣮ࣞࢱ࡛再生ࡋࡓ࡜ࡇࢁ元ࡢ࿧吸量࡟ᑐࡋ࡚-5 %ࡢ誤差࡜














Table 4-4  Minute volumes obtained by the breath recording and reproduction system. 
Condition Measured  
Minute volume (L/min) 
10 20 30 40 
Generated air flow  9.9 ± 0.14 20.1 ± 0.14 30.0 ± 0.08 40.1 ± 0.05 
Breath recording device 9.6 ± 0.08 19.7 ± 0.19 29.4 ± 0.29 40.1 ± 0.05 
Reproduced air flow 9.6 ± 0.12 19.1 ± 0.05 29.6 ± 0.05 39.9 ± 0.12 
Values are mean ± SD 





ࡋࡓ波形ࢆ Fig.4-7 ࡟示ࡋࡓࠋࡲࡓࠊࡇࢀࡽࡢ波形ࢆ補ṇ ON/OFF ࡛再生ࡋࠊ解析ࡋࡓ結果
ࢆ Table 4-5 ࡟示ࡋࡓࠋFig.4-7 ࡼࡾࠊ࿧吸ࢩ࣑ュ࣮ࣞࢱ࡛再生ࡋࡓ࿧吸波形ࡣࠊ記録波形࡜
非常࡟近いࡇ࡜ࢆ確認ࡋࡓࠋࡲࡓࠊ࿧吸波形記録装置࡛記録ࡋࡓ࿧吸量ࡣ作業者 A,B,C ࡛

















Fig. 4-7  Breathing patterns of three welders, recorded with the breath recording device (left 
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Subject A Subject A
Subject B Subject B





Worker A Worker A 
Worker B Worker B 








Peak inhalation air 
flow rate (L/min) 
A 
Recorded 24.3 127.9  
Reproduced (Corrected) 23.0 128.2  
Reproduced (Non-corrected) 21.6 127.1  
B 
Recorded 31.2 145.2  
Reproduced (Corrected) 30.1 148.0  
Reproduced (Non-corrected) 26.7 144.7  
C 
Recorded 16.6 85.0  
Reproduced (Corrected) 15.9 91.0  
Reproduced (Non-corrected) 14.9 89.0  
 
 
Fig. 4-8  Comparison of reproduced breathing patterns with and with the null position 






























Original (recorded breathing pattern)
Reproduced without position collection















 試験࡟ࡣ BS-PAPR ࡜ CF-PAPR ࡢ 2 種ࡢ送風ࢱ࢖ࣉࡢࢧンࣉࣝࢆ使用ࡋࡓ㸦Fig.4-9㸧ࠋࡇ
ࡢ 2 種ࡣࠊࣇ࢕ࣝࢱࡢᅽ力損失ࠊࣇ࢓ンࡢ送風量࡜ࣂࢵࢸࣜ電ᅽࡀྠࡌ࡟࡞ࡿࡼう調整ࡋ
ࡓࠋࣇ࢕ࣝࢱࡢ捕集効率ࡣ 0.3 µm ࡢ粒子࡟ᑐࡋ࡚ 99％ࡢࢧンࣉࣝࢆ使用ࡋࡓࠋ実験装置ࢆ
Fig.4-10 ࡟示ࡋࡓࠋ2.6 m3 ࡢࢳࣕンࣂෆ࡟半自動溶接機㸦CO2 ࢞ࢫ࢔࣮ࢡ溶接㸧ࢆ設置ࡋࠊ
溶接࢔࣮ࢡ点ୖ方 60 ੉ࠊ距㞳 60 ੉࡟試験࣐ࢫࢡࢆ装着ࡋࡓ人頭ࢆ設置ࡋࡓࠋ人頭ࡢ口部
࠿ࡽ後頭部方向࡟備えࡓ配管࡟࿧吸ࢩ࣑ュ࣮ࣞࢱࢆ接続ࡋࠊ࿧吸ࢩ࣑ュ࣮ࣞࢱ࡛再生ࡋࡓ
࿧吸ࢆ人頭口部࠿ࡽ吸排気ࡉࡏࡓࠋࢳࣕンࣂෆࡢ溶接ࣄュ࣮࣒濃度ࡀ 30 mg/m3 ࡜࡞ࡿࡼう
࡟調整ࡋࠊ࣐ࢫࢡෆ外ࡢ粒子濃度(Cin/Cout)ࢆࢹࢪࢱࣝ粉ࡌࢇ計 AP-6320㸦柴⏣⛉学㸧࡛計測
ࡋ࡚試験࣐ࢫࢡࡢ防護率ࢆ算出ࡋࡓࠋ࡞࠾ࠊ試験࣐ࢫࢡࢆ人頭࡟装着ࡍࡿ㝿ࠊࣇ࢕ࢵࢺ୙良
ࢆ想定ࡋࠊࣇ࢓ンࡢ電源ࡀ OFF ࡢ時࡟࿧吸ࡉࡏ࡚࣐ࢫࢡෆ࡬ࡢ漏ࢀ込ࡀ約 5 %࡜࡞ࡿࡼう
調節ࡋࡓࠋ࿧吸ࢩ࣑ュ࣮ࣞࢱ࡛発生ࡋࡓ࿧吸ࡣ前節ࡢ試験࡛使用ࡋࡓ作業者 A,B,C ࡜ࡋࡓࠋ
試験ࡣࠊ防護率PFࡀ50࡟పୗࡍࡿࡲ࡛実施ࡋࡓࠋPF㸻50ࡣࠊ米国ࡢ労働安全衛生庁㸦NIOSH㸧
࡛公表ࡉࢀ࡚いࡿ面体型 PAPR ࡢ指定防護係数㸦APF㸧࡛あࡿࠋ 
 防護率㸦PF㸧ࡢ計算ࡣ以ୗࡢ式࡟ࡼࡿࠋ 
PF(-) 㸻 100(%) / Total Inward leakage(%)                  (4-5) 
Total Inward leakage (%) = 100࣭Blank࣭Cin / Cout                   (4-6) 






Fig. 4-9  PAPRs tested 
 























 CO2 ࢞ࢫ࢔࣮ࢡ溶接ࣄュ࣮࣒環境ୗ࡟࠾けࡿ試験࣐ࢫࢡࡢ稼働時間࡜ PF ࡢ関係ࢆ Fig.4-










試験結果࠿ࡽࠊ各࿧吸࡟ᑐࡋ࡚ PAPR ࡀ有効࡛あࡗࡓ時間㸦PF㸺50 ࡟㐩ࡍࡿࡲ࡛ࡢ時間㸧
ࡣ大ࡁࡃ異࡞ࡿࡇ࡜ࡀわ࠿ࡗࡓࠋ作業者 A ࡢ࿧吸࡟ᑐࡋ࡚ CF-PAPR ࡣ 58 分ࠊBS-PAPR ࡛
ࡣ 116 分間 PF>50 ࢆ維持ࡋࡓࠋࡲࡓࠊ作業者 B ࡣ 3 人ࡢ中࡛最ࡶ࿧吸量ࡀ大ࡁ࠿ࡗࡓࡓࡵ
PAPR ࡢ有効࡞時間ࡣ短ࡃࠊCF-PAPR ࡛約 50 分ࠊBS-PAPR ࡣ 102 分࡛あࡗࡓࠋ作業者 C ࡣ
3 人ࡢ中࡛࿧吸量ࡀ最ࡶᑠࡉࡃࠊ使用時間ࡣ CF-PAPR ࡛ 171 分ࠊBS-PAPR ࡣ 255 分࡜最ࡶ


















Fig. 4-11  Protection factors over elapsed time for test PAPRs under worker C’s 
breathing condition. 
 
Table 4-6  Protection factor of PAPRs under simulated usage condition. 
 Worker CF-PAPR BS-PAPR 
Initial protection factor 
[-] 
A 527 844 
B 815 702 
C 404 2347 
Simulated effective usage time※ 
[min] 
A 58 116 
B 49 102 
C 171 255 
※：Simulated effective time is obtained as the time until protection factor reached below 










































Alireza ࡽ 27)ࡣࠊ࿧吸回数࡜吸気ࣆ࣮ࢡ流㏿(PIF, Peak inhalation flow)ࡀ粒子捕集効率࡟
୚えࡿ影響ࢆ調査ࡋࠊ捕集効率ࡣ࿧吸㢖度ࡼࡾࣆ࣮ࢡ流㏿࡟大ࡁࡃ影響ࡉࢀࡿࡇ࡜ࢆ示ࡋ












㸦HE1071㸧ࡢ 2 種類ࢆ用いࡓࠋࢧンࣉࣝࡢ SEM 像ࢆ Fig.4-12 ࡟示ࡋࡓࠋࣇ࢕ࣝࢱࡢ有効
径ࡣφ80mm ࡜ࡋࡓࠋ繊維径分布測定結果ࢆ Fig.4-13 ࡟ࠊࢧンࣉࣝࡢ物性ࢆ Table 4-7 ࡟
示ࡋࡓࠋ 
  





Fig. 4-13  Fiber diameter distribution of glass fiber filter and pp filter. 
 




  (4-7)    









=   (4-8) 
繊維径分布ࡀ数ṇ規分布࡟従う࡜仮定ࡍࡿ࡜繊維径ࡢ分散σࡣσg ࢆ用い࡚ Eq.(4-9)ࡢࡼ
う࡟表ࡉࢀࡿࠋࡲࡓᖹ均繊維径 fd ࡣ Eq. (4-10)ࢆ用い࡚計算࡛ࡁࡿࠋ 
21 exp(ln )gσ σ= −   (4-9) 
2




ࣇ࢕ࣝࢱࡢ質量㸦wf 㸧ࡣ電子ኳ秤࡛測定ࡋࡓࠋࣇ࢕ࣝࢱࡢ厚ࡳ L ࡢ計測࡟ࡣ࣑ࢡ࣓࣮ࣟࢱ 
(PEACOCK, Model G-6C)ࢆ用いࡓࠋds ࡣࣇ࢕ࣝࢱࡢࢁ過面積, fρ ࡣࣇ࢕ࣝࢱ繊維ࡢ密度
ࢆ示ࡍࠋ充填率ࡣ体積分率࠿ࡽ Eq. (4-11)ࢆ用い࡚算出ࡋࡓࠋ 
 
α 㸻 wf /(Ldsρf)      (4-11) 
 
Table 4-7  Basic physical properties of tested filters. 
Physical properties PP filter Glass fiber filter 
Fiber diameter, df [µm] 2.96 1.56 
Geometric deviation, σg 1.39 1.97 
Filter thickness, L [mm] 0.35 0.30 
Fiber density,ρf  [g/cm3 ]   0.90 2.50 











ࢱ࢖࣒࡛観察ࡋࡓ報告ࡣ࡞いࠋそࡇ࡛࣮ࣞࢨ࣮ࣃ࣮ࢸ࢕ࢡࣝ࢝ウンࢱ(KC-18, RION Co. 
Ltd)ࡢࣃࣝࢫ出力ࢆ 0.2 ⛊ࡈ࡜࡟ㄞࡳྲྀࡾࠊ流㏿ࡢ変化࡜ࣇ࢕ࣝࢱୗ流側粒子濃度ࡢ変化ࢆ






損失ࡢ変動ࢆ微差ᅽ計㸦コࢫࣔ計器製 DP-330㸧࡛測定ࡋࡓࠋ試験条件ࢆ Table 4-8 ࡟示ࡋ
ࡓࠋ 
LPC ࡟ࡼࡿ粒子ࡢ計数ࡣ基準粒子径以ୖࡢ全࡚ࡢࢧ࢖ࢬࡢ粒子ࡀᑐ象࡜࡞ࡿࠋ本研究࡛
ࡣࠊ2 ྎࡢࣃࣝࢫ࢝ウンࢱ࡛ LPC ࡢ 2 粒子ࢧ࢖ࢬࡢࣃࣝࢫ出力ࢆྠ時計測ࡋࠊ得ࡽࢀࡓ粒
子数ࡢ差ࢆྲྀࡿࡇ࡜࡛目的࡜ࡍࡿ粒子径範ᅖࡢ個数濃度ࢆ得ࡓࠋ例えࡤ 0.1µm ࡢ粒子径ࡢ
測定ࡣࠊ>0.1µm ࡢࣃࣝࢫ出力࡜>0.15µm ࡢࣃࣝࢫ出力ࢆ計数ࡋࠊそࡢ差ࢆ 0.1～0.15µm
ࡢ粒子濃度࡜ࡋࡓࠋ本研究࡛計測ࡋࡓ࣮ࣞࢨ࣮ࣃ࣮ࢸ࢕ࢡࣝ࢝ウンࢱ KC-18 ࡢ粒子径範ᅖ
ࢆ Table 4-8 ࡟示ࡋࡓࠋ 
透過率 P (％)ࡢ計算ࡣ以ୗࡢࡼう࡟行ࡗࡓࠋ 
 










Fig. 4-14  Schematic diagram for constant flow experiment 





Table 4-8  Experimental conditions 
Test filter  Glass fiber filter (HE1071) 
Charged polypropylene(PP) filter 
Filtration area  50 cm2 (Ф80 mm) 
Cyclic flow pattern  Triangle (inhalation only) 
Constant flow  5, 15, 30, 45 L/min 
Ventilation condition 1.5 L/cycle, 10 cycles/min 
3.0 L/cycle, 5 cycles/min 
5.0 L/cycle, 3 cycles/min 
Measured particle size 0.1 µm㸦0.1 - 0.15 µm㸧 
0.15 µm㸦0.15 - 0.2 µm㸧 
0.2 µm㸦0.2 - 0.3 µm㸧 





















Fig. 4-16  Filter efficiency vs. particle size (electrostatic force ignored) 
ࣇ࢕ࣝࢱࡢ捕集効率ࡣ Eq.2-1 ࡛推定࡛ࡁࡿࠋࡇࡇ࡛ࠊ拡散࣭ࡉえࡂࡾ領域ࡢ単一繊維捕
集効率( fDRη )ࡣ Eq.(4-13)ࡢࡼう࡟各捕集機構࡟࠾けࡿ単一繊維捕集効率ࡢ和࡛表ࡉࢀࡿࠋ  
( , )f f fDR D R f Pe Rη η η= + +            (4-13) 
( ){ }1 32 3 1 32.7 1 0.39f fD Pe k Pe Knη −−= +            (4-14) 
1 1 (1 ) 2(1 ) ln(1 )
2 1
f
R f R R Rk R
η  = − + + + + 
+ 
           (4-15) 
0.01                         0.1                      1.0 
             Particle Diameter (micrometers) 




      





             99.94 
    Diffusion          Diffusion               Inertial 
                                 And                   Impaction 
                            Interception                and 




( ) 1 2 1 2 2 3( , ) 1.24 ff Pe R k Pe R− −=            (4-16) 
ࡇࡇ࡛ࠊ
f
Dη 及び fRη ࡣࣇ࢓ンࣔࢹࣝࣇ࢕ࣝࢱࡢ拡散及びࡉえࡂࡾ捕集機構࡟ࡼࡿ単一繊維
捕集効率ࠊ ( , )f Pe R ࡣ拡散ࡉえࡂࡾ相互作用࡟ࡼࡿ単一繊維捕集効率࡛あࡿࠋ ࡲࡓࠊKn ࡣ
ࢡࢾ࣮ࢭン数(-)ࠊkf ࡣ桑原ࡢ水力学因子(-)ࠊCc ࡣࡍ࡭ࡾ補ṇ係数(-)࡛あࡿࠋ࣌ࢡࣞ数 Pe ࡣ




fk αα α= − − + −            (4-17) 





































ηInth =1.48KIn0.93 (10−4 < KIn <10−2)
        (4-23)             
ηInth = 0.51hk−0.35KIn0.73 (10−2 < KIn <100)
       (4-24)                 
ηInth = 0.54hk−0.6KIn0.4 (100 < KIn <102)
       (4-25) 




)1010(59.0 1183.017.0 <<= −− InCkthC KKhη            (4-27) 
ࡇࡇ࡛ 
th
Inη  ࡜ thCη  ࡣ独立ࡋࡓ単一繊維捕集効率࡛あࡿࠋ kh ࡣ桑原ࡢ水力学因子ࠊ InK ࡜ 
CK ࡣ誘起力ࣃ࣓࣮ࣛࢱ及びࢡ࣮ࣟン力ࣃ࣓࣮ࣛࢱ࡛あࡿࠋ  
 
K In =
(ε p − 1)Ccpi 2Q f2 d p2
6(ε p + 2)ε0 (1+ ε f )2 µd f u






6ε0 (1 + ε f )µd pu
           (4-29) 
ࡇࡇ࡛ Qf ࡣ繊維電荷密度ࠊε0 ࡣ誘電率ࠊεf 及びεpࡣ繊維࡜粒子ࡢ཮極子࣮࣓ࣔンࢺࠊnp ࡣ
粒子ࡢ電荷数࡛あࡿࠋ本研究࡛用いࡓ繊維電荷密度 Qf ࡣ PP ࣇ࢕ࣝࢱࡢ透過率ࢆ無帯電




Fig. 4-17  Experimental single-fiber collection efficiency due to induced force as a function of 














































KIN ࡜ࢡ࣮ࣟン力ࣃ࣓࣮ࣛࢱ KC ࢆ用い࡚以ୗࡢࡼう࡞式ࢆ報告ࡋࡓࠋ 




ᖹ衡帯電状態ࡢ粒子透過率 P ࡟関ࡋ࡚理論式ࢆ提案ࡋࡓࠋ 
ηED㸻APe-2/3+BKIN2/5+CKC3/4-D(KINKC)1/2                    (4-31) 
P = f(0,dp) p(0,dp) + 2 f(1,dp) p(1,dp) + 2f(2,dp) p(2,dp) + ࣭࣭࣭࣭         (4-32) 
ࡇࡇ࡛ A,B,C,D ࡣ実験的࡟求ࡵࡽࢀࡿ定数ࠊf(0,dp)ࡣ࣎ࣝࢶ࣐ンᖹ衡荷電状態࡟࠾けࡿ 0










 本研究࡛使用ࡋࡓ࢞ࣛࢫ繊維ࣇ࢕ࣝࢱࡢ拡散捕集機構࡟ࡼࡿ単一捕集効率 ηD࡜流㏿ u ࡢ
関係ࢆ Fig.4-18 ࡟示ࡋࡓࠋࡇࢀࡼࡾࠊ流㏿࡜粒子径ࡀ大ࡁࡃ࡞ࡿ࡯࡝ ηD ࡣపୗࡋࡓࠋࡲࡓ
ηD ࡣ粒子径ࡀ大ࡁࡃ࡞ࡿ࡜పୗࡋࠊ50 nm ࡜ 500 nm ࡢ粒子࡛ࡣ約 10 倍ࡢ差࡜࡞ࡗࡓࠋ 
 
 














































(b)  ࢞ࣛࢫ繊維ࣇ࢕ࣝࢱࢧンࣉࣝ࡟ᑐࡍࡿࡉえࡂࡾ捕集機構ࡢ流㏿影響 
 ࡉえࡂࡾ機構࡟ࡼࡿ単一繊維捕集効率ηR࡜流㏿ u ࡢ関係ࢆ Fig.4-19 ࡟示ࡋࡓࠋࡉえࡂࡾ
࡟ࡼࡿ捕集ࡣࡉえࡂࡾࣃ࣓࣮ࣛࢱࡢࡳ࡟依存ࡍࡿࡓࡵࠊ流㏿࡟関係࡞ࡃ ηRࡣ一定࡜࡞ࡗࡓࠋ





























































































































































































 本研究࡛使用ࡋࡓ࢞ࣛࢫ繊維ࣇ࢕ࣝࢱࡢ透過率࡜流㏿ࡢ関係ࢆ Fig.4-22 ࡟示ࡋࡓࠋ本透
過率ࡣࠊ前㡯(d) ࡛得ࡓ単一繊維捕集効率 ηDR ࢆ Eq.2-1 ࡟代入ࡍࡿࡇ࡜࡛得ࡽࢀࡿࠋ結果ࡼ
ࡾ 50 nm 及び 500 nm ࡢ粒子ࡢ透過率࡟比࡭࡚ 150 - 300 nm ࡢ粒子࡟ᑐࡋ࡚ࡣいࡎࢀࡢ流㏿
࡟࠾い࡚ࡶ透過率ࡀ高ࡃࠊ捕集ࡋ࡟ࡃい粒子ࢧ࢖ࢬ࡛あࡿࡇ࡜ࡀわ࠿ࡗࡓࠋ最大透過粒径
㸦MPPS㸧ࡣ線㏿ 0.05 m/s ࡢప㏿域࡛ࡣ 300 nmࠊそࢀ以ୖࡢ流㏿࡛ࡣ 150 – 200 nm ࡜流㏿࡟
応ࡌ࡚変化ࡋࡓࠋ 
 












































(f) PP ࣇ࢕ࣝࢱࡢ誘起力ࣃ࣓࣮ࣛࢱࡢ流㏿影響 





























































(g)  PP ࣇ࢕ࣝࢱࡢࢡ࣮ࣟン力ࣃ࣓࣮ࣛࢱࡢ流㏿影響 
 ࢡ࣮ࣟン力࡟ࡼࡿ 1 個荷電粒子ࡢ単一繊維捕集効率ηc ࡢ流㏿影響ࢆ Fig.4-24 ࡟示ࡋࡓࠋ
ࡇࢀࡼࡾࠊࢡ࣮ࣟン力ࡣᑠࡉ࡞粒子࡯࡝有効࡛あࡾࠊ50 nm ࡜ 500 nm ࡢ粒子࡛ࡣ約 10 倍ࡢ
差࡜࡞ࡗࡓࠋ 
 























































(h) ࣎ࣝࢶ࣐ンᖹ衡荷電状態ࡢ NaCl 粒子࡟ᑐࡍࡿ静電ࣇ࢕ࣝࢱࡢ透過率 





価ࡲ࡛࡜ࡋ࡚計算ࢆ行ࡗࡓࠋ結果ࢆ Fig.4-25 ࡟示ࡋࡓࠋࡇࢀࡼࡾࠊ50 nm ࡢ粒子ࡢ透過率ࡀ
௚ࡢ粒子径࡟ᑐࡋ࡚高ࡃ࡞ࡗ࡚࠾ࡾࠊ金岡ࡽࡢ報告࡜一致ࡋࡓࠋࡲࡓࠊࡇࡇ࡛ࡣ示ࡉࢀ࡚い
















































ࡶࡢ࡜考えࡽࢀࡿࠋࡲࡓࠊ人ࡢ࿧吸回数ࡣ通常 10～30 cycle/min 程度࡛あࡿࡀࠊ今回ࡣ計
測器ࡢ応答㏿度ࢆ考慮ࡋ࿧吸回数ࢆ少࡞ࡃ設定ࡋࡓࠋ各条件࡟࠾けࡿ୕角波ࡢ流㏿ࡢ変化
ࢆ Fig.4-26 ࡟示ࡋࡓࠋ 
ձ 1 回換気量 1.5 Lࠊ࿧吸回数 10 回㸦毎分࿧吸量㸻15 L/minࠊᖹ均流㏿ 0.1ｍ/s㸧 
ղ 1 回換気量 3.0 Lࠊ࿧吸回数 5 回 㸦毎分࿧吸量㸻15 L/minࠊᖹ均流㏿ 0.1ｍ/s㸧 




Fig.4-26  Triangular flow patterns through test filters during one inspiration (filtering effective 
































Fig.4-26 ࡟示ࡋࡓࡼう࡟୕角波ࡢ流㏿ࡣ直線的࡟ 0 ࠿ࡽ 0.2 m/s ࡲ࡛ୖ昇ࡋࠊࣆ࣮ࢡ࡟㐩
ࡋࡓ後ࡣࠊྠࡌ時間࡛ 0 m/s ࡲ࡛㏿度ࡀపୗࡍࡿࠋࡇࡢ 3 条件࡟࠾い࡚୕角形ࡢ面積ࡣ 1








Fig.4-26 ࡟示ࡋࡓ 3 ࡘࡢ通気条件࡟࠾けࡿ࢞ࣛࢫ繊維ࣇ࢕ࣝࢱ࡜ PP ࣇ࢕ࣝࢱࡢ透過率ࢆ
計算ࡋࡓࠋ透過率ࡢ計算࡟ࡣ Fig.4-22 及び Fig.4-25 ࡛示ࡋࡓ 50 nm～500 nm ࡢࢹ࣮ࢱࢆ用
いࠊ実験条件࡜ྠࡌ 0.2s ࡈ࡜ࡢ流㏿値ࡢ透過率࡜ࡋ࡚求ࡵࡓࠋ計算結果ࡢ 1 例࡜ࡋ࡚ࠊ
200 nm ࡢ粒子径࡟ᑐࡍࡿ試験ࣇ࢕ࣝࢱࡢ透過率ࢆ Fig.4-27 及び Fig.4-28 ࡟示ࡋࡓࠋࡉࡽ࡟
0.2s ࡈ࡜ࡢ瞬間的࡞透過率 pi (-)࠿ࡽࠊ1 ࿧吸当ࡾࡢ透過率ࡢ積算値 PI (cycle-1)ࠊ1 分当ࡾࡢ
透過率ࡢ積算値 PI1min (min-1)ࠊ及び࿧吸 1 ࢧ࢖ࢡࣝあࡓࡾࡢ透過率ࡢᖹ均値 Pave (cycle-1)ࢆ
求ࡵࡓࠋ 
 
PI = ∑ 

                                    (4-33) 
 
PI1min = (∑ 

 )･fc                               (4-34) 
 





)                                   (4-35) 
 
ࡇࡇ࡛ࠊy ࡣ 1 ࢧ࢖ࢡࣝあࡓࡾࡢ時間 (s/cycle)ࠊfcࡣ࿧吸回数 (cycles/min)࡛あࡿࠋ 









Fig. 4-27 Estimated Penetrations of glass fiber filter at three triangular flow patterns.     
 
 





































Air flow rate (1.5L×10cycles/min) Air flow rate (3L×5cycles/min)
Air flow rate (5L×3cycles/min) Penetration (1.5L×10cycles/min)







































Air flow rate (1.5L×10cycles/min) Air flow rate (3L×5cycles/min)
Air flow rate (5L×3cycles/min) Penetration (1.5L×10cycles/min)





Table 4-9  Relationship between tidal volume and estimated penetration at each 



















10 1.48E-07 1.48E-06 9.87E-09 
5 3.07E-07 1.53E-06 1.02E-08 
3 5.18E-07 1.55E-06 1.04E-08 
100 
10 3.76 37.6 0.251 
5 7.53 37.6 0.251 
3 12.6 37.7 0.251 
150 
10 4.96 49.6 0.331 
5 9.91 49.5 0.330 
3 16.5 49.5 0.330 
200 
10 5.33 53.3 0.355 
5 10.6 53.1 0.354 
3 17.7 53.1 0.354 
300 
10 4.84 48.4 0.323 
5 9.64 48.2 0.321 
3 16.1 48.1 0.321 
500 
10 2.51 25.1 0.167 
5 4.99 24.3 0.166 





Table 4-10  Relationship between tidal volume and estimated penetration at each 



















10 6.67 66.7 0.445 
5 13.3 66.5 0.443 
3 22.1 66.4 0.442 
100 
10 4.98 49.8 0.332 
5 9.93 49.7 0.331 
3 16.5 49.6 0.331 
150 
10 4.70 47.0 0.313 
5 9.37 46.9 0.312 
3 15.6 46.8 0.312 
200 
10 4.47 44.7 0.298 
5 8.92 44.6 0.297 
3 14.9 44.6 0.297 
300 
10 4.09 40.9 0.273 
5 8.17 40.8 0.272 
3 13.6 40.8 0.272 
500 
10 3.30 33.0 0.220 
5 6.59 33.0 0.220 






1.5 L/cycleࠊ10 cycle/min ࡢ換気条件࡟࠾けࡿ࢞ࣛࢫ繊維ࣇ࢕ࣝࢱ࡜ PP ࣇ࢕ࣝࢱࡢᅽ力損
失ࡢ変化ࢆ Fig.4-29及び 4-30࡟示ࡋࡓࠋࣇ࢕ࣝࢱࡢᅽ力損失ࡣ流㏿࡜࡜ࡶ࡟変化ࡋ࡚࠾ࡾࠊ
PP ࣇ࢕ࣝࢱࡢᅽ力損失ࡣ࢞ࣛࢫ繊維ࣇ࢕ࣝࢱ࡟比࡭࡚約 1/4 ࡛あࡗࡓࠋ 
 
Fig. 4-29 Air flow rate and Pressure drop of glass fiber filter over elapsed time. 
 












































































































Fig. 4-31  Relationship between flow rate and pressure drop of test filters measured under constant 
and cyclic flow condition. 
 
(b) 定常流࡜脈動流࡟ࡼࡿ透過率測定結果ࡢ比較 
脈動流࡟ࡼࡿ LPC ࡢ計測結果ࡢ一例࡜ࡋ࡚ࠊ1.5L×10 cycles/min ࡢ換気条件࡛ 0.1 µm ࡢ
粒子(0.1～0.15 µm ࡢ範ᅖ)࡟ᑐࡍࡿ࢞ࣛࢫ繊維ࣇ࢕ࣝࢱ及び pp ࣇ࢕ࣝࢱࡢ 0.2s ࡈ࡜ࡢ粒子
濃度計測結果ࢆ Fig.4-32 及び 4-33 ࡟示ࡋࡓࠋࡇࡇ࡛ 0.1～0.15 µm ࡢୖ流粒子濃度ࡣ୕角࡜



















































Fig. 4-32  Particle concentration measured up- and down-stream of glass fiber filter at cyclic flow 
condition (1.5L/cycle,10cycles/min).  
 
Fig. 4-33  Particles count measured in up- and down-stream of pp filter at cyclic flow condition (1.5 

















































































































࡛あࡿࠋ除電 pp ࣇ࢕ࣝࢱࡢ 0.1 µm 及び 0.3 µm ࡢ各換気条件࡟࠾けࡿ流㏿࡜透過率測定




















Fig. 4-34  Relationship between flow rate and 0.1μm particle penetration of glass fiber 
filter measured at cyclic and constant flow condition. 
 
Fig. 4-35  Relationship between flow rate and 0.15µm particle penetration of glass fiber 

























































Glass fiber filter 
Glass fiber filter 
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Fig. 4-36  Relationship between flow rate and 0.2µm particle penetration of glass fiber 
filter measured at cyclic and constant flow condition. 
 
Fig. 4-37  Relationship between flow rate and 0.3µm particle penetration of glass fiber 

























































Glass fiber filter 
Glass fiber filter 
㻜 㻜㻚㻜㻡 㻜㻚㻝 㻜㻚㻝㻡 㻜㻚㻞 㻜㻚㻞㻡 





Fig. 4-38  Relationship between flow rate and 0.1µm particle penetration of pp filter 
measured at cyclic and constant flow condition. 
 
Fig. 4-39  Relationship between flow rate and 0.15µm particle penetration of pp filter 























































Charged pp filter 
Charged pp filter 
㻜 㻜㻚㻜㻡 㻜㻚㻝 㻜㻚㻝㻡 㻜㻚㻞 㻜㻚㻞㻡 





Fig.4-40  Relationship between flow rate and 0.2µm particle penetration of pp filter 
measured at cyclic and constant flow condition. 
 
Fig. 4-41  Relationship between flow rate and 0.3µm particle penetration of pp filter 



























































Charged pp filter 
Charged pp filter 
㻜 㻜㻚㻜㻡 㻜㻚㻝 㻜㻚㻝㻡 㻜㻚㻞 㻜㻚㻞㻡 





Fig. 4-42  Relationship between flow rate and 0.1µm particle penetration of discharged 
pp filter measured at cyclic and constant flow condition. 
 
Fig. 4-43  Relationship between flow rate and 0.3µm particle penetration of discharged 



















































Discharged pp filter 
Discharged pp filter 
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A Hamaker constant [-] 
Acyl cross sectional area of piston/filter [cm2] 
Af  filtration area of filter [m2] 
a collection coefficient [-] 
C particle concentration [particle/cm3] 
Cblank particle concentration of blank holder [particle/cm3] 
Cc Cunningham’s slip correction factor [-] 
CD drag coefficient [-] 
Cdown1 down-stream pulse count of counter1 [pulse] 
Cdown2 down-stream pulse count of counter2 [pulse] 
Cfilter particle concentration of filter fixed holder [particle/cm3] 
Cin particle concentration of inlet [particle/cm3] 
Cout particle concentration of outlet [particle/cm3] 
Cup1 upstream pulse count of counter1 [pulse] 
Cup2 up-stream pulse count of counter2 [pulse] 
D diffusion coefficient of particle [m] 
d diameter [m] 
df fiber diameter [m] 
dp particle diameter [m] 
ds  area of test filter/screen [m2] 
E collection efficiency [-] 
e elementary unit of charge [C] 
F drag force [N/m] 
fc breathing frequency  [cycle/min] 
h thickness of filter [m] 
hk hydrodynamic factor [-] 
I current measured by the electrometer [A] 
I.D. inner diameter [m] 
KC Coulombic force parameter [-] 
148 
 
Kf hydrodynamic factor of fan model filter [-] 
KIn induced force parameter [-] 
Kn Knudsen number [-] 
KP compressive-elastic coefficient of particles [-] 
KS compressive-elastic coefficient of wall surface [-] 
L thickness of filter [m] 
Lcyl  cylinder stroke [cm] 
LDMA rod length of DMA [m] 
M number of data for summation of positon displacements [-] 
ms mass of screen [kg] 
l total fiber length per unit filter area [m/m2] 
l’ total fiber length per unit filter volume [m/m3] 
Mw molecular weight [Da] 
N particle number concentration [particle/cm3] 
np number of charges on a particle [-] 
O.D. outer diameter [m] 
P penetration [-] 
Pave average penetration [cycle-1] 
Pe Peclet number [-] 
p number of charges [-] 
pi instantaneous penetration [-] 
PI integrated penetration per cycle [cycle-1] 
PI1min integrated penetration per minute [min-1] 
Q charge density  [C/m2] 
Qa volumetric flow rate of aerosol [L/min] 
Qc volumetric flow rate of sheath gas [L/min] 
Qe volumetric flow rate of carrier gas [L/min] 
Qs volumetric flow rate of sampling aerosol [L/min] 
Qv volumetric flow rate of Ion Counter [L/min] 
q quality factor of filter [1/Pa] 
149 
 
qe volumetric flow rate of aerosol into electrometer [L/min] 
R interception parameter [-] 
R1 inner radius of center electrode for DMA [mm] 
R2 outer radius of center electrode for DMA [mm] 
Re Reynolds number [-] 
S sum of piston displacements [mm] 
SA sum of piston displacements from 2M to M+1 [mm] 
SB sum of piston displacements from 0 to M [mm] 
T temperature [K] 
t time [min] 
u filtration velocity [m/s] 
V voltage [V] 
Vave minute volume [L/min] 
Vcr critical velocity [m/s] 
VD voltage of DMA [V] 
VE voltage of electrospray [V] 
Vfr volumetric flow rate [m/s] 
Vi tidal volume [L/cycle] 
Vim impact velocity [m/s] 
Vmax breathing peak air flow rate [L/min] 
vcont control voltage of servo cylinder [V] 
vin voltage input [V] 
Vt breathing air flow rate [L/min] 
wf mass of filter [kg] 
xi piston position [mm] 
y time per cycle [s] 
Zp electric mobility [m2/(V･s)] 
Za allowance of piston displacements [mm] 





α packing density of filter [-] 
α’ 
packing density of filter considering variance of 
fiber 
[-] 
δ inhomogeneity factor of filter [-] 
ε dielectric constant [-] 
ε0 space permittivity [C2/(Nm2)] 
λ mean free path of gas molecules [m] 
µ viscosity of air [Pa・s] 
θ dimensionless polar coordinate tangential direction  [-] 
k Boltzman constant  [J/K] 
ρ density [kg/m3] 
σ variance of fiber [-] 
τ coefficient connected with gas slip near fiber surface [-] 
∆p pressure drop [Pa] 
η single fiber collection efficiency [-] 
λ mean free path [nm] 
µ viscosity of air [Pa࣭s] 
ν time of a cycle [s] 
ρ density [kg/m3] 
σ variance of fiber [-] 














f fan model filter 




blank blank holder 





filter filter holder 
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